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ABSTRACT 

LINDBERG, S. E - ,  R. 2. HARRISS, R.  R. TURNER, D. S. SHRINER, and 
D. D. HUFF. 1973. Mechanisms and rates of atmospheric 
d ispos i t ion  r J f  selected trace elements and sulfate t o  a 
deciduous forest  watershed. ORNL/TM-6674. Oak Ridge 
National Lasoratory, Oak Ridge, Tennessee. 550 PP. 

The c r i t i ca l  ‘I inks between anthropogenSc emissions t o  the 

atmosphere and their  effects on ecosystems are the mechanisms and rates 

of atmospheric deposition. The objective of  this  research has been to  

,.quantify the atmospheric inpzlt  of several trace elements and sulfate to  

a deciduous forest  canopy and t o  determine thz major mechanisms of 

deposition. 

eastern Tennessee. Precipstation samp:es wert! collected on an event 

basis at s i t e s  above the forest  canopy, at  ground level i n  the open, 

The stuey area was Llalker Branch Watershed (WBW) i n  

and beneath - the canopy. 

surfaces situated i n  the upper canopy, at?d laboratory leachlng w’ 

sequentially collected leaves from the same locations. 

collected above t h e  forest  canopy using standard f i l t e r  and cascade 

impactor methods. Laboratory leaching procedures were applied t o  a11 

particulate samples t o  extract the water soluble and the dilute acid 

leachable trace element and su?f ate fractions. 

Dry deposition was measured using inert, f l a t  

Aerosols were 

Substantial amounts (>  75%) o f  the dilute acid leachable fraction 

of Mn, Zn, Cd, and Pb i n  aerosols were soluble i n  water. 

soluble to available element ra t io  increased w i t h  decreasing particle 

s ize  and w i t h  the duration o f  atmospheric water vapor saturation dur!ng 

the s6mpling period. 

The water 

Relationships between aerosoi chemistry and 



meteorological parameters suggest that atmospheric chemistry over W8W 

is the result of regional a i r  transport  phanomena rather t h a n  the 

direct  result  of local source enissions. 

Smaller amounts (< 75%) of the di lute  acid leachable trace element 

fraction of dry deposited particles were water soluble, suggesting a 

larger particie size, which was confirmed by scanning electron dnd 

l i g h t  microscopy of o i o l q i c a l  and inort  deposition surfaces. The 

presence of a significant quantity cf f l y  ash and dispersed soil 

particles on upward-facing leaf and f l a t  surfaces suggested 

.. sedimentation t o  be a major mechanism o f  dry deposition t o  upper canopy 

elements. The agreement for deposition rates measured t o  inert ,  f l a t  

surfaces and t o  leaves was good for Cd, SO;, Zn, and Mn ( w i t h i n  a 

factor o f  2)  b u t  pow for 3b (an order of magnitude higher rate 

measured t o  the inert surfaces). 

could be a factor. 

Leaf surface absorption ~f soluble Pb 

Chlculated deposition velocities to  i n d i v i d u a l  

upper canopy surfaces indicated that the generally used val2e of 

0.1 cm/sec was an underestimate i n  the case of Cd, Zn, Mn, and possibly 

sulfate. / 

The precipitation concentrations o f  H', Pb, Mn, and SO; 

reached maxinum values dur ing  the sumner months i n  response t o  synoptic 

meteorologic conditions. 

elemental concentrations i n  rain and rainfa!l amount indicated that, on 

A mod21 applied t o  thz relationship between 

an annual basis, ~ 9 0 0 L  o f  the wet deposition o f  Pb and SO4 was 

attributable t o  scavenging by in-cloud 2rocesses while f o r  Cd and Mn, 

removal by in-cloud sc2veaging accounted for  60 to  IO% o f  the 

deposi t i  an. 

v i  



The interception of incoming rain by the forest canopy resulted in 

a net increase in the concentrations of Cd, Mn, Pb, Zn, and SO; 

but a net decrease in the concentration of H', suggesting both a 

cation exchange and leaching process. 

increasing free acidity of the incoming rain and with increasing 

residence time of the rain on the leaf surface. The source of these 

Net exchange increased with 

elements in the forest c a m  was primarily dry deposited aerosols for 

Pb, primarily internal p1an-t leaching for Mn, Cd, and Zn, and an 

approximateTy equal combinaition of the two for SO;. 

Significant fractions rsf the total annual elemental flux to the 

forest floor i'n a representative chestnut oak stand were attributable 

to external sources for PB (99%), Zn (44%), Cd (42%), SO; (39%), 

and Mn (14%), the remainder being related to internal element cycling 

mechanisms. On an annual scale the dry deposition process constituted 

a significant fraction of the total atmospheric input of Cd and Zn 

( %a%), SO; ( %35%), Pb 1% 55%), and Mn ( Q  90%). Over short term 

periods howeverp She ratio of dry/total deposition for any element 
- 

ranged over an mder of 
-r 
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EX ECUTI VE SUMMARY 

It is becoming increasingly apparent that the greatest potential 

for human impact on the geochemical cycle o f  several elements is 

related to their atmospheric chemistry, transport, and deposition. The 

critical links between increased atmospheric emissions and effects on 

terrestrial and aquatic ecosystems are the rates at which, and 

mechanisms by which, atmospheric species are transported to the earth's 

surface. Material is removed from the atmosphere by two general 

processes : wet deposit ion (precipitation scavenging o f  part i cf es and 

gases, occurring within and below the cloud) and dry deposition 

(convective diffusion, inerti a1 impaction, and sedimentation) , where 
the relative importance o f  any mechanism is highly dependent on 

particle size and solubility characteristics. 

important aspect of aerosol chemistry, from the standpoint of 

atmospheric deposition, geochemical cycling, and potential effects to 

the bioreceptor is the water solubility of aerosol-associated 

elements. 

Perhaps the most 

This parameter is _critical in determining the mobility of 

particle-associ ated elements Sn a given environment. 

are transported to vegetation surfaces in an insoluble form may be of 

Elements 'which 

little consequence. However, a particle-associated element o f  

relatively high solubility residing on the vegetation surface can be 

mobilized (1) during precipitation, (2) by formation o f  a moisture 

layer on the vegetation, or ( 3 )  by reaction with leaf exudate, all of 

which may be readily followed by direct plant absorption or 

incorporation into various element cycling pathways. Wet deposition is 
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of particular Wportance due to both its episodic nature and the fact 

that originally gas- or particle-associated elements are delivered to 

the forest canapy partly in solution, thereby enhancing the possibility 

of absorption by vegetati 

mobility of the element in the landscape. 

surfaces and generally increasing the 

The objectjve of this research has been to accurately quantify the 

atmospheric input of the environmentally mobile fraction of several 

trace elements and sulfate to a deciduous forest canopy and to 

determine the critical mechanisms of deposition. The research was 

. performed at WBIker Branch Watershed (WBW), a 97.5 ha intensively 

monitored fore.sted catchment on the Oak Ridge National Laboratory 

reservation. The watershed provides an ideal field laboratory for 

study of the deposition and accumulation of coal combustion derived 

effluents, since it is situated within 20 km of three power plants 
6 (annual coal cansumption * 7 x 10 tons) and within 260 km of eight 

major coal-fired power plants (total electric capacity > 14,000 MW). 

The problems involved in the sampling and analysis of both wet and 

dry deposition are well known. In precipitation collection these 

involve the efficiency o f  the sampler to collect a representative 

sample, postdepasitional chemical a1 terations of the sample, sample 

contamination, sampling and analytical precision, and event 

definition. Acmrdingly, a modified version o f  the HASL collector was 

developed. 

materials and liurrangement OB components to minimize trace level 

contami nat i on 

The unit was mdified with respect to construction 

Prec i p i t at4 samples were collected on an event basis 
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over a two-year period at  s i t e s  above the forest  canopy (on a 46 m 

meteorological tower), a t  ground level i n  the open, and a t  four  s i t e s  

directly beneath the canopy. A l l  samples were collected us ing  

individual funnel/bott le arrangements, a procedure amenable to  

different container washing, sample preservation, and analytical 

methods, The measurement of dry deposition presents a fa r  more complex 

problem because of the many interrelated processes involved, a l l  of 

which are somewhat dependent on the surface characteristics of the 

receptor. Two methods were uti l ized, one invo lv ing  iner t ,  f l a t  

surfaces situated i n  the upper canopy and the other invo lv ing  

laboratory leaching of material from sequentia7ly collected leaves from 

the  same locations. Dry deposition samples were collected over 4- t o  

7-day intervals dur ing  a 10-week intensive sampling period i.n the 1977 

growing season. Concurrent w i t h  these experiments, aerosols were 

collected above the forest  canopy us ing  standard f i l t e r  and impactor 

methods. 

suspended, deposited, and precipitation-scavenged material, laboratory 

k a c h i n g  procedures were applied t o  a l l  samples to extract the water 

so luble  (pH Q 5.6) trace element and sulfate fraction, followed by the 

!' 

- 

To assure comparability between element fractions i n  

_ -  

di lu te  acid leachable fraction (pH % 1.2), both of which (termed the 

available fraction) were considered to represent environmentally mobile 

material. Analyses involved standard methods (graphite furnace AAS for 

trace'elements; automated colorimetry for  sulfate),  w i t h  emphasis on 

sampling reproducibility, trace level contamination, and quality 

contro 1 .. 
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Investigatiofis of the parent aerosol population a t  the 

atlnosphere-canopy intwf ace led t o  several interesting conclusions. 

Substantial amounts ( ”  75%) of the available fraction of Mn, Zn, Cd, 

and Pb i n  aergsols were. so?ihIe i n  water, as were significant fractions 

(>65%) of the total  dn and Cd but  smaller fractions (< 30%) o f  the 

to ta l  Pb and Zn. 

element ra t io  (termed relative solubility) both increased w i t h  

decreasing par t ic le  s i z e  and w i t h  ,the dura t ion  of atmospheric water 

vapor saturation d u r i n g  the samp;ing period. Ambient aerosols 

The so lub i l i t y  and the water soluble-to-available- 

/ 

exhibited considerably higher relative solubl l i t ies  than aerosols 

collected i n  the stack of a coal-fired power plant, b u t  relative 

solubi l i t ies  of glume aerosols d i d  increase d u r i n g  plume aging 

imeasured by plume travel from 0.25 - 7 km) t o  levels measured for 

ambient aeroso 1s. These observations suggest the importance o f  aerosol 

hydration i n  control l i n g  elemer,tal solubility. Relationships betheen 

aerosol chemistry and meteorological observations indicated the 

following: 

WBW d i d  not ref lect  a significant influence o f  local coal combustion, 

(1) elemental a i r  concentrations and size distributions at  

being more simifar t o  concentrations measured a t  remote and rural 

locations t h a n  a t  urban or industrialized areas; (2)  as regional a i r  

stagnation increa.sed, the concentrations o f  Cd, Pb, Zn, and SO; 

increased while Mn decressed; (3) particle size d i s t r i b u t i o n s  and 

concentrations of each. element, and the manner i n  which they were 

influenced by various atmospheric parametersy suggested a soil  source 
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for Mn, secondary atmospheric par t ic le  and combustion sources for Pb 

and SO;, and b o t h  small par t ic le  combustion and large par t ic le  

dispersion sources for  Cd and Zn; and (4)  the lack of any apparent wind 

direction effects on elemental mass median diameters and the s l i g h t  

increase i n  concentrations w i t h  winds from "other t h a n  local source" 

directions suggested that  atmospheric chemistry over WBW was more 

likely the resul t  of regional a i r  transport phenomena rather than the 

direct  result  of tocal source emissions. 

.. Compared t o  the ambient aerosols, smaller amounts ( <  75%) o f  the 

avail able trace element fraction of dry deposited particles were water 

soluble, suggesting a larger particle size. This was confirmed by 

scanning electron and l i g h t  microscopy of biological and inert  

deposition surfaces, which indicated the presence o f  a significant 

fraction of relatively large ( >  10 w) f l y  ash particles and dispersed 

soil fragments. An interesting observation from several scanning 

electron photomicrographs was the association of submicrometer- t o  

micrometer-sized f l y  ash w i t h  considerably larger (5-20 urn) f l y  ash and 

scoriaceous particles,  and the  agglomeration of several submicrometer 

f l y  ash partictes into large aggregates. 

particles from the atmosphere i s  primarily controlled by sedimentation, 

which may account for the often h igh  concentrations of small 

particle-associated elements (Pb, 50;) i n  dry deposited material. 

The presence o f  a significant quantity of such material on 

upward-facing leaf and inert, f l a t  surfaces suggested particle 

. 

.-- 

The removal o f  these large 

sedimentation to  be an important mechanism of dry deposition t o  upper 

canopy elements. The dry deposition rates of Cd, Pb, Zn, and SO; 
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to  the upper canopy were correlated w i t h  a i r  stagnation frequency, 

concentrations of each element i n  the to ta l  aerosol fraction, and the 

frequency of winds from directions other than those influenced by local 

sources. Thus, dry deposition rgtes, as w11 as a i r  concentrations, 

were not detectably enhanced by local emissions. 

sources o f  the Targe-particle f l y  ash were determined by calculating 

upper level a i r  mass backward trajectories for time intervals 

comparable to  large-particle tropospheric residence times. 

trajectories were found t o  traverse two major regional urban centers 

and five major regional coal-fired power plants w i t h  sufficiently rapid 

a i r  mass travel times t o  account for  the large-particle transport. 

Other possible 

These 

' 

The circumstances of sampling provided only one period ( 7  days) 

for which dry deposition t o  inert, f l a t  surfaces could be compared w i t h  

dry deposition estimated from sequential leaf washing. The agreement 

i n  deposition rates was good f o r  Cd, SO;, Zn ( w i t h i n  30%), and Mn 

( w i t h i n  a factor o f  2) b u t  poor for Pb (an order of magnitude higher 

ra te  measured to  the inert surface). Leaf surface absorption of 

soluble Pb could be a factor. Comparing these deposition rates t o  a i r  

concentrations allowed calculation of deposition velocities (vd)  for 

the available element fraction to  individual upper canopy surfaces. 

The mean Vd values reflected the general particle s ize  d i s t r i b u t i o n  

of each element such tha t  elements characterized by larger mass median 

diameters exhibited higher deposition VelOCitieS. The vd data 

indicated that the generally used value o f  0.1 cm/sec is an 
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underestimate in the case of Cd, M, Zn, and perhaps sulfate 
(Cd = 0.05-0.87 cmfsec, Mn = 1.7-17 cm/sec, Pb = 0.04-0.10 cm/sec, 

Zn = 0.24-0.66 cm/sec, SO; = 0.07-0.24 cm/sec). 
+ The precipitation concentrations and the wet deposition of H , 

Pb, Mn, and SO; reached maximum values during the sumner months. 

This was in response to 

in elevated aerosol concentrations due to air stagnation, and in 

generally lower rain volumes-per event and hence less dilution of the 

tic meteorologic conditions which result 

scavenged material. These dilution phenomena were indicated by 

significant negative correlation coefficients between element 

concentrations in rain and rainfall amount, storm duration, and 

intensity. The expected positive correlations between rain 

concentrations and time since previous rainfall were not apparent, 

suggesting the local atmospheric reequilibration with the regional air 

mass to be relati'vely rapid. 

empirical relationship between rain concentration and rainfall volume 

in an attempt to estimate the  relative importance of in-cloud vs 

below-cloud scavenging to the w e t  deposition of each element. 

- 
A simple model was applied to the 

, -- 
The - 

model was based on. the assumption "that as precipitation continues at a 

sufficient rate, the below-cloud layer is depleted of its readily 

scavengeable particles and gases, and material still present in rain 

can be largely attributed to in-cloud scavenging. 

indicated that, m an annual basis, % 90% of the wet deposition of the 

primarily small p.article atmospheric constituents, Pb and SO;, was 

attributable to s,cwenging by in-cloud processes while for the large 

The calculations 
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particle-associated elements, Cd and Mn, removal by in-cloud scavenging 

was relatively less important, accounting f o r  60 t o  70% of the 

depos i t  i on. 

The interccpt5or-i of incoming rain by the forest  canopy resulted i n  

a net increase In the cancentrations of Cd, Mn, Pb, Zn, and SO; 

b u t  a net decrease i n  the concentration of H'. The mean annual 

elemental enrichments were as follows: 

and SOi(3) ;  Pb(2.7). The uptake of H+ and concamitant loss of 

several elements by the canopy suggests a combination of cation 

exchange and leaching processes. 

Mn (factor of  160); Cd(4);  Zn 

The net exchange was seen t o  increase 

w i t h  increasing free acidity o f  the incoming rain and w i t h  'increasitlg 

residence time of the ra'n on the leaf slrrfacz. On an equivalent 

basis, the hydrogen exchange could easily account for the trace cation 

leaching from the canopy, b u t  m o u n t s  for less thari 10% of the total  

cation leaching from the canopy dur ing  the growing season, indicating 

the importance of other processes. Leaf washing experiments and dry 

depositian analyses suggested the s a m e  of these elements i n  the 

forest canopy on an annual basis t o  be primarily dry deposited aeroso?s 

for Pb, primarily internal plant leaching for Mn, Cd, and Zn, and an 

approximately equal combinaticn of the two for SO;. However, 

these proportions were 5ighly variable with tirne. 

The above observations were integrated in to  an estimate of the 

annual atmospheric f l u x  t o  the landscape. 

determined from the product o f  the annual precipitation volume and from 

the annual precipitation vo'lume-weighted mear, concentration i n  rain 

The wet deposition f l u x  was 
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while quantities of Mn and Zn were ~ 1 %  of the internal pool. 

the growing season, the leaf surface was exposed t o  1 t o  2 orders o f  

magnitude more Cd and Pb, and nearly equal amounts of Zn and SO;, 

relative to  that contained w i t h i n  the leaf. 

During 

The t o t a l  annual f l u x  t o  the forest  f loor beneath a representative 

stand of chestnut oaks was attributable, t o  a significant extent, t o  

external sources (atmospheric deposition by wet and dry processes) for 

Pb (99%), Zn (44%), Cd (42%), SO; (39%), and Mn (14%), the 

remainder attributable t o  internal element cycling mechanisms ( leaffal l  

plus fo l ia r  leaching). 

the total  f l u x  of each element t o  the forest  f loo r  were varied: fo l i a r  

leaching for  Cd (55% of the to t a l )  and Mn (49%), dry deposi t ion for Pb 

(67%), wet deposition fo r  Zn (36%), and leaffall  for SO; (31%). 

The pathways of highest re la t ive importance t o  

.-- 
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CHAPTER I 

GENERAL INTRODUCTION AND OBJECTIVES 

Statement of the Problem 

I t  is becoming increasingly apparent that  the greatest potential 

for  humcn impact on the geochemical cycle of several elements concerns 

their  atmospheric chemistry, transport, and deposition. Recent 

emphasis on intermittent control strategies,  and the use of t a l l  

stacks, has resulted i n  dilution of concentrated emissions near the 

source, which is likely t o  improve urban a i r  quality. However, the 

potential for degradation of the regional atmosphere by long-range 

transport-of heavy metal vapors and fine particles known t o  escape 

conventional emission control techniques is  increased. 

trace elements currently estimated t o  be mobilized by coal combustion 

at  rates from 0.1 t o  0.5 or more times natural rates (e.g., N i ,  Zn ,  As, 

Se, Hg and Pb; Vaughan e t  al., 1975), projected increases i n  coal 

combustion by the National Energy Plan will result i n  emission rates 

In addition, for 

approaching those associated w i t h  natural processes. 

The c r i t i ca l  l i n k s  between increased atmospheric emissions and 

effects on t e r r e s t r i a l  and aquatic ecosystems are the rates a t  which, 

and mechanisms by which, atmospheric gases and particles are 

transported to the earth 's  surface and made available t o  receptor 



2 

organisins. Perhaps the most important aspect o f  aerosol chemistry, 

from the standpoint o f  atmospheric deposition, geochemical cycling, and 

po ten t ia l  e f fec ts  t o  the bio-receptor i s  the water s o l u b i l i t y  o f  

aerosol-asociated e7emerits. This parameter i s  c r i t i c a l  i n  determining 

the m o b i l i t y  o f  partic:e-associated elements 5n a given environment. 

Elements which are transported t o  vegetation surfaces i n  an insoluble 

form may be o f  l i t t ! e  consequence. However, a part ic le-associated 

element o f  r e l a t i v e l y  high s o l u b i l i t y  res id ing on the vegetation 

surface can be mobi l ized (1) during prec ip i ta t ion,  (2) by formation o f  

a moisture layer on t i le vegetation, o r  (3 j  by react ion w i th  l ea f  

exudate, a l l  o f  which may be read i l y  fol lowed by d i r e c t  p lan t  

absorption or i ncorpor a t  i 3n i n t o  various e 1 men t cyc 1 i ng pathways . 
Mater ia l  i s  rernovcd from the atmosphere by two general processes: 

wet; deposition (p rec ip i t a t i on  scavenging o f  pa r t i c l es  and gases, 

occurring w i th in  and below the cloud) and dry deposit ion (convective 

d i f fus ion,  i n e r t i a l  impaction, and sedimentation). Sl inn (1976) has 

presented a theore t ica l  argument tha t  dry deposition o f  "pollutanti '  

mater ia ls t o  a f c res t  from ground-based sources appears t o  be 

comparable i n  magnitude t o  wet deposition. 

be estimated from the empir ical  re la t ionsh ip  between po l lu tan t  f l u x  t o  

The dry deposition f l u x  can 

a sur-face (Fd) and i t s  a i r  concentration (C): Fd = Vd*C. The 

term C i s  any representative value f o r  a po l l u tan t ' s  a i r  concentration 

whi le Vd, defined as the deposit ion veloci ty,  can be estimated from 

l i t e r a t u r e  data t o  be as fol lows: 0.1 I V d  $1 cm/sec. A s imi la r  

estimate f o r  wet depcsit ion f l u x  can be calculated using the concept of 

washout ra t ios,  defined as the r e t i o  o f  a contaminant's concentration 
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i n  surface l e v e l  p rec ip i t a t i on  (k) to  i t s  concentration i n  surface 

l e v e l  a i r  (C). Wetfall f lux  (Fw) i s  then as fol lows: Fw = ( E )  k (pC), 

where p = p rec ip i t a t i on  rate.  

i n  S l i nn  (1976) i t  can be estimated t h a t  the washout r a t i o  (E) k i s  on 

the  order of 10 . Using these assumptions, Fd and Fw can be 

From theory and fu r the r  data presented 

5 

estimated considering an annual time scale and applying the 23 year 

mean annual p rec ip i t a t i on  ra te  a t  Walker Branch Watershed, 130 cm/yr 

(= p), resu l t i ng  i n :  

- =  Fd 'dC = 0.7 - 7.0 
Fw (., lo5) p~ 

Thus, w i th in  an order o f  magnitude, wet and dry deposition are o f  

comparable importance t o  fo res t  systems. O f  these two mechanisms, wet 

deposit ion - i s  o f  p a r t i c u l a r  importance due both t o  i t s  episodic nature 

and the f a c t  t ha t  o r i g i n a l l y  gas or part ic le-associated elements are 

del ivered t o  the  fo res t  canopy p a r t l y  i n  solut ion, thereby enhancing 

the p o s s i b i l i t y  o f  absorption by vegetation surfaces and general ly 

increasing the m o b i l i t y  o f  the element i n  the landscape. 

Although the l i t e r a t u r e  contains information on the atmospheric 

concentrat ion o f  many elements data f o r  t h e i r  removal has not been 

r e a d i l y  avai lab le u n t i l  qu i te  recently. A c r i t i c a l l y  important 

property o f  suspended pa r t i cu la te  matter i s  i t s  atmospheric s ize 

d i s t r i bu t i on .  This la rge ly  determines the degree o f  resp i ra to ry  system 

penetrat ion and, hence, human tox i c i t y ,  as we l l  as governing 

atmospheric residence times and t ransfer  e f f i c i enc ies  t o  various 
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surfaces (see the reviews by Chamberlain, 1975; Hosker and Lindberg, 

1979). 

particle size may be more effectively removed from the atmosphere by 

any of several mechanisms involved i n  the wet and dry deposition 

process. Accordingly, t h i s  research has concentrated on a group of 

elements, some of which ( 3 )  have a significant vapor phase chemistry i n  

the atmosphere and whose particulate forms exist  primarily i n  the 

f inest  size range ( P t  and SI; (2)  have been found t o  e x h i b i t  bimodal 

particle size distributions i n  aerosols (Cd and Zn), and (3)  exhibit a 

‘more uniform size distribution i n  atmospheric particles,  tending t o  

Thus ,  elements associated primarily w i t h  aerosols of a certain 

occur on larger par t ic les  compared t o  the above elements (Mn). 

Organization 

I t  is the intent of t h i s  research t o  determine the c r i t i ca l  

mechanisms involved i n  the deposition o f  airborne materials t o  a 

deciduous forest  i n  eastern Tennessee, and the rates a t  which these 

processes occur for the envjronmentally mobile fractions of Cd, Mn, Pb, 

Zn, and soluble S i n  the +6 oxidation s ta te  (SO;). T h i s  

report i s  divided i n t o  si; chapters dealing w i t h  aerosol 

chemistry, measurement of dry deposition rates, precipitation 

chemistry, geochemical relationships between material deposited by 

several processes, a brief chapter describing the study area, and a 

final chapter whtch sumnarizes the results of each phase of the 

research into a coherent picture of the potential role of atmospheric 

deposition i n  ekment cycling and vegetation effects i n  Walker Branch 

Watershed ( WSW) - 
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Objectives 

1. Th o ve 11 objective f t h i s  study is the qualt i tative 

determination o f  the role o f  a forested landscape i n  the 

scavenging of atmospheric material, including transfer by dryfall 

processes, transfer by wetfall processes, and the role of water 

soluble aerosol components i n  the overall deposition process to 

WBW. 

2, Specific objectives of the various subprojects are as follows: 

Characterize the composition and variabil i ty i n  the aerosol 

popu 1 at ion a t  the atmosphere-forest interface, 

Det ermi ne the re 1 a t  i ve import an ce of v ar i ou s en v i r onmen t a1 

factors which contribute to  the variabil i ty of aerosol 

composition and particle size distribution, 

Determine the degree of water solubility o f  selected elements 

associated w i t h  aerosols i n  various size classes, 

Develop and apply techniques to  measure the transport o f  

particle associated trace elements and sulfate from a passing 

a i r  mass t o  biological and iner t  upper canopy elements. 

elements. 

Characterize the i n p u t  of Cd, Mn, Pb, Zn, SO:, and H+ 

to the forest  canopy by wet deposition on time scales 

commensurate w i t h  the identification of meteorologic and 

other factors regulating the magnitude o f  episodic element 

inpu t s .  

,/ 
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Determine the extent t o  which and mechanisms by which the 

ch>emistry o f  incoming rain is influenced by forest canopy 

i tllt ercep t i on. 

Determine the physical and chemical relationships between 

par t ic les  i n  coal combustion plumes, i n  ambient air ,  and 

deposr’ted to  the landscape by wet and dry processes. 

Integrate t h e  results of the short term, intensive f ie ld  

experiments into an estimate o f  the seasonal and annual 

&mosgReric f l u x  of elements t o  the landscape. 

fol>lowing hypotheses were tested d u r i n g  the course of this 

research: (1) dry depostion, including the processes of g r a v i t a t i o n a l  

se t t l ing and impaction, is a significant i n p u t  mechanism t o  the Walker 

Branch Watershed landscape, (2) there is a need t o  expand aerosol 

chemistry studies beyond to t a l  element analysis t o  concentrate on the 

environmentally mobile fractions of particle associated elements, (3)  

some particles deposited on certain leaf surfaces may be physically 

t ightly bound to the surface and available for incorporation i n t o  

element cycling pathways only after leaffal l ,  (4)  application o f  

enrichment factar  and elemental ra t io  calculations using the 

/- 

composition a f  part ic les  dislodged from vegetation surfaces and 

collected from ambient a i r ,  combined w i t h  similar data from potential 

sources ( i.e*,? coaT-fired steam plant emissions and fugitive dust) can 

be used i n  the fdentification o f  trace element sources, (5)  the 

operational staters o f  the local ( w i t h i n  20 km) TVA coal-fired power 

plants has a significant effect on the trace element concentrations i n  

the air  mass aver WBW, and material deposited t o  the landscape, 
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(6) elements associated with pzrticles hwing certain characteristics 

(size afid shape) may be more efficiently scavenged by the forest canopy 

than others, (7) the paraneter having the most significant influence on 

elemental concentrations in precipitatioa is rainfall volume, (8) the 

fully developed forest catapy has a significant influence on the trace 

element chemistry of intercepted rain, ( 3 )  the most significant flux o f  

the non essential elemcznts (Cd, Pb) to the forest floor will be due to 

external, atmospheric sources; while the f l u x  to ths forest floor of 

.,the essential elements (Mn, Zn, SO;) will be more equally divided 

between internal and external sources. 
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CHAPTER I1 

THE STUDY AREA, WALKER BRANCH WATERSHED, AND SOURCES 
OF ATMOSPHERIC EMISSIONS 

Walker Branch Watershed (MEW) i s  located on the Department o f  

Energy's Oak Ridge National Laboratory (ORNL) Reservation i n  eastern 

Tennessee ( l a t i t u d e  35" 58'N, longitude 84" 17'W, Figure 1). 

Reservation consists o f  15,000 hectares, Q 40% of which i s  devoted t o  

environmental research and management. 

centered w i th in  the reservat ion boundary. 

The ORNL 

The watershed i s  roughly 

Walker Branch Watershed has 

been maintained i n  a r e l a t i v e l y  undisturbed state since 1942. 

biogeochemical cyc l ing  program, i n i t i a t e d  i n  .~ 1969, has resul ted i n  the 

The 

establishment of several instrumented f a c i l i t i e s  which are o f  c r i t i c a l  

importance i n  a study such as th i s .  B r ie f l y ,  these include a 46 m 

meteorological tower ( fu r the r  discussed i n  Chapters 111 and V) ,  a 

m u l t i - s i  t e  continuously recording raingauge network (Chapter V )  , two 

continuously recording stream gauging stations, and one permanent and 

several mobile f i e l d  laboratories. 

The watershed i s  a 97.5 ha, p r imar i l y  deciduous forested catchment 

comprised o f  two sub-basins o f  59.1 and 38.4 ha each. The area i s  

t yp i ca l  o f  the oak fo res ts  o f  the Ridge and Val ley Topographic 

Province, ranging i n  e levat ion from 265-360 m. The canopy i s  

approximately 93% deciduous w i th  oaks, hickories, and yel low poplar the 

predominant species. The catchment t e r r a i n  i s  underlain by dolomit ic 
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formations, including several sinkholes. Soils of the Fullerton and 

Bodine series comprise -90% of the watershed area, w i t h  the 

predominant clay mineral i n  the soils being kaolinite. The watershed 

receives an average of 130-150 em precipitation annually, being 

generally evenly d i s t r ibu ted  throughout  the year w i t h  small peaks i n  

the late winter/early spring period and dry periods generally occurring 

during la te  sumner/early f a l l .  

negligible. Rain days occur w i t h  an approximate frequency o f  33%, 55% 

of these days receiving < 1 cm rain and 90% receiving < 3 cm (Henderson 

Earlier and continuing studies on the watershed provide 

Precipitation as snow is considered 

I. et a l . ,  1977). 

correlative information on meteorology, hydrology, chemistry, and 

biology which are essential t o  the interpretation o f  the experiments 

conducted as a part  o f  this research (e.g., see Harris, 1977, for a 

more detailed physical description of the watershed and a discussion of 

the research scope o f  the Walker Branch Watershed research project; see 

also Henderson et al., 1977; Comisky et  a l , ,  1977; Huff e t  al., 1977; 

Lindberg et  a1 ., 1977; Turner e t  a1 . y  1977; Van Hook e t  a1 ., 1977; 

Elwood and Henderson, 1975; and Shriner and Henderson, 1978), - 

Further descriptions o f  several characteristics o f  the watershed 

and surrounding area which are pertinent t o  the deposition research 

have been integrated i n t o  various sections of this manuscript. 

include a description of the meteorological tower (Chapter 111, V )  and 

the rain gauge and sampling network (Chapter V), a further discussion 

of variations i n  seasonal and annual precipitation volume (Chapter V) ,  

some consideration o f  seasonal development and morphology of the forest 

These 
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canopy (Chapter IV, V ) ,  and a discussion of general a i r  quality and 

wind direction frequency d u r i n g  the 1977 growing season (Chapter 111). 

The watershed provides an ideal f ie ld  laboratory i n  which t o  

examine deposition and cycling of airborne trace contaminants derived 

from atmospheric emissions related t o  energy technology. 

is located w i t h i n  

plants (Figure 1). 

The catchment 

20 km of two major and one small coal fired power 
As indicated by the annual windrose, these point 

sources are frequently upwind o f  the watershed. 

Authority (TVA) operates the Kingston power plant 22 km t o  the 

west-southwest. 

generating 1200 Mw of e lectr ic i ty .  The p l a n t  was recently (1976) 

upgraded by the add i t ion  of two 330 m stacks and itbest available 

technology” electrostat ic  precipitators. To the east-northeast o f  the 

The Tennessee Valley 

T h i s  f a c i l i t y  consumes 12,000 tons o f  coal daily, 

watershed, Q 23 km, TVA operates the B u l l  Run power plant. 

fac i l i ty ,  b u i l t  i n  2962, was originally constructed w i t h  a single 270 m 

T h i s  - 

stack and has been recently (1977) upgraded by the construction o f  new, 

high efficiency (99.9% mass removal efficiency), electrostatic 

precipitators. The B u l l  Run plant consumes 7000 tons of coal daily, 

generating 890 Mw of electr ic i ty .  The t h i r d  plant is a much smaller 

u n i t  operated by the Department o f  Energy on the Oak Ridge 

Reservation, Q 2.4 km to the northeast o f  the watershed. T h i s  u n i t  is 

equipped w i t h  an 87 m stack and somewhat older, less efficient (98%) 

precipitators. 

product 5 on only . 
The f a c i l i t y  burns 300 tons of coal daily for  steam 

In addition, there are several other sources o f  atmospheric 

emissions w i t h i n  Q 35 krn of the watershed. These have been recently 



characterized for  Roarie County which includes the watershed and 

exteads Q 5C krn t o  the southwest, i n  a generally upwind direction 

(Miller e t  al., 1977). 

area f s  employed i n  manbfticturing ibdustries, w i t h  such development 

being prirnayily centered i n  the Tennessee River Valley around the 

Rockwood-Harrinan 1r;dustrial Corridor, 'L 35 krn t o  the west-southwest. 

The industrial oorrfdor includes f ac i l i t i e s  for the production of 

s teel ,  wood, paperboard, and t ex t i l e  products. The TVA Kingston power 

plant i s  also located i n  this corridcr. Sources i n  this direction from 

the watershed may be particularly important because of the influence of 

the topography which is dominated by parallel ridges. These ridges r u n  

WSW t o  ENE and act as a s t rong influence i n  channelling winds through 

the parallel valleys. The annuai windrose i n  Fiyure 1 indicates t h i s  

industrial corridor ta  be frequently upwind of the watcrshed. Miller 

et El. (1977) have estimated the total  annual emissions relat2d t~ coal 

combustion for Roane County as follows ( in  metric tons per year): 

suspended particulates = 35.6 x lo3, sulfur oxides =: 157 x 10 , 
nitrogen oxides = 30 x 10 . 
the contributions due t o  the Kingston steam plant t o  Le 97%, 98X, and 

99%, respectively. O f  the total  annitai emissions i n  the county due t o  

combustion of a l l  fossi l  fuel types (coal, fuel o i l ,  natura7 gas, and 

gasoline) the relative contribution of the Kingston power plant was 97% 

Approximately 50% cf the labor force i n  this 

3 

3 O f  these totals ,  the authors estimated 

' o f  the scspended,particulates and sulfur oxides, and 94% of the 

nitrogen oxides. 

local a i r  quality i s  obvious. 

The potential influence of t h i s  one p o i n t  source on 
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The possibil i ty o f  regional effects on local a i r  quality must not 

be neglected, however. In addition to  these local sources, the 

watershed is located Q 20 km west of Greater Knoxville, and w i t h i n  260 

krn o f  three major regional urban centers (Chattanooga and Nashville, 

TN, and Atlanta, GA) and 8 major coal fired electr ic  generating 

stations w i t h  a combined generating capacity of > 14,000 Mw (Figure 1). 

The potentia? o f  such regional sources to contribute to  the atmospheric 

load and deposition i n  Walker Branch Watershed is considered i n  

Chapter VI. 
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CHAPTER I11 

TRACE CHEMTSTRY AND PARTICLE SIZE DISTRIBUTION OF THE 
'rlATER S9LUBL.E AND DILUTE A C I D  LEACHABLE FRACTIONS OF 

AEROS9LS I N  WALKER BRANCH WATERSHED 

I t7 t r oduc t i on.' 

Suspended particles represent a class of airborne materials which  

are extremely complex due t o  wide variations i n  origin, chemical and 

physical properties, and zlemental composition. One of the most 

important properties o f  suspended particulate matter, whether l i q u i d  or 

solid, i s  part ic le  s ize  distribution. T h i s  property largely determines 

the degree o f  respiratory system penetration (Lee, 19'2), and hence 

human toxicity (Natusch and Walls-ce, 1974), as well as governing the 

atmospheric residence times and transfer efficiencies TO various 

surf aces (Cawse and Peirson, 1972). 

Perhaps an equally important aspect of aerosol chemistry, from the 

standpoint o f  atmospheric deposition, elements7 cycling, and potential 

effects to the bjoreceptor is the water solubi l i ty  of aersol associated 

elements. I t  i s  we17 known thzt  the hygroscopicity of atmospheric 

particles is very important from the point o f  view o f  cloud physics 

(Junge, 1963). .However, the degree of water soluSility, i n  addition t o  

the s ize  distribution, of aerosols is a?so a c r i t i ca l  factor i n  

atmospheric chemistry, particularly as related t c  origin, t r impor t ,  

and removal o f  particjes from the air .  T h i s  factor i s  c r i t i ca l  i n  
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determining the mobility o f  an 

Elements which are transported 

element t n  a given environment. 

t o  vegetation surfaces i n  a h igh ly  

insoluble form may be incorporated in to  the plant only through the 

chance occurrence that  the parent aerosol happens t o  directly enter an 

open stoma during deposition. 

of relatively h i g h  solubi l i ty  residing on the vegetation surface can be 

mobilized, (1) during precipitatfon events, (2) by the formation o f  a 

moisture layer on the vegetation (i.e., dew), or (3 )  by reaction w i t h  

leaf exudate. 

these. Alternatively, elements associated w i t h  particles deposited on 

vegetation can be removed from these surfaces by wetfafl and, if i n  a 

soluble form, are more readily incorporated in to  various element 

cycling pathways t h a n  an insoluble particle. 

However, a particle associated element 

Direct plant absorption may or may not follow a17 of 

Particle % solubilities have been reported i n  the l i terature t o  a 

limited extent for major aerosol constituents such as SO;, 

NH;, and C1- (Mestaros, 1968), b u t  not for many trace 

constituents. 

leachability o f  several aerosol associated elements and found t h a t  

substantial 'amounts o f  metals i n  the so l id  phase were leachable. 

Because of the indication that  aerosol so lub i l i t y  may be related t o  

wetfall scavenging efficiencies,  surface retention of particles 

following dry deposition, and element cycling i n  general, this aspect 

o f  aerosol chemistry was studied during an intensive sampling period 

including 1-0 intervals o f  4 t o  7 days duration dur ing  the sumner of 

1977. Also sampled during these 10 experimental periods were incident 

precipitation and throughfall (discussed i n  Chapter V ) ,  and dry 

Hodge e t  al. (1978) recently reported on the sea water _- 
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deposition of particles to  natural and a r t i f ic ia l  surfaces (discussed 

i n  Chapter IV). 

The overall objectives of this aspect of the work were: 

(1) Characterize the composition and variabil i ty i n  the aerosol 

population at  the atmosphere-forest interface, 

(2) Determine the relative importance of  various environmental 

factors which contribute to  the variability o f  aerosol composition and 

particle size d i s t r i b u t i o n ,  

(3)  Determine the degree of water solubili ty o f  selected elements 

associated w i t h  aerosols i n  various size classes, 

(4) Compare characteristics of ambient aerosols t o  possible source 

materials including f ly  ash and combustion plume particles, and 

(5 )  Compare chemical and physical characteristics of ambient 

aerosols t o  particles deposited on leaf surfaces and inert surfaces and 

t o  material scavenged by precipitation. The geochemical and physical 

relationships between suspended, deposited, and rain scavenged 

particles is the topic of discussion i n  Chapter VI and will not be 

discussed here. 

Materials and Met hods 

Aerosol Collection 

A l l  o f  the aersol samples collected d u r i n g  this study were made 

from the top of a 46 m meteorological tower at  the western edge o f  WBW 

approximately 23 m above the forest canopy (see Figures 20 and 21 i n  

Chapter V ) .  

continuously dur ing  each of the 10 periods using a 0.4 pn Nuclepore 

The bulk or total  aerosol fraction was sampled 
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polycarbonate membrane i n  a Millepore stainless steel f i l t e r  holder. 

The relationships between retention efficiency and particle size and 

membrane pore size have been tabulated by the Nuclepore Corportat ion.  

These data indicate t h a t  particles >0.2 i.cm i n  diameter are retained by 

t h i s  f i l t e r  material w i t h  a % 50% efficiency. The efficiency of such 

samplers t o  collect  relatively large particles (> 10 pm) has recently 

been discussed by Pattenden and Wiffen (1977) to  be on the order of 5% 

at  high wind speeds. 

aerosol fraction, ambient aerosols were also fractionated i n t o  9 

Simultaneous w i t h  the collection of the t o t a l  
I 

part ic le  size classes using a standard Anderson cascade impactor, model 

620-800, operated at  % 28 lpm (% 1.0 SCFM). 

film was used as the impaction surface on each stage and as the backup 

Nuclepore polycarbonate 

. f i l t e r  10.4 wn pore size) i n  the impactor. The u t i l i t y  o f  this 

material as the collection surface l ies  i n  i t s  inherent low trace 

constituent concentrations (Andren e t  a1 ., 1975), i ts  

non-hygroscopicity, i t s  hydrophyllic nature, and i t s  low absorption and 

adsorption losses (Nuclepore Incorporated, Catalogue 20). 

properties allowed for determination of the tare weight on a l l  impactor 

surfaces pr ior  t o  and following sampling so that this total f i l t e r  load 

( total  suspended particulate load, TSP, per size class) could be 

i: 

These 

compared t o  the trace element concentrations. From these measurements 

the elemental concentrations could be compared on both a particulate 

concentration (ppm) and an a i r  concentration (ng/m ) basis. 3 Tests on 

the efficiency of this material to act as impaction surfaces are 

discussed i n  a fo l lowing  section. 
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cleaned rotometer placed momentarily a t  the intake of the impactor or  

f i l t e r  sampler. 

(2 0.11) while flow through the to ta l  f i l t e r  averaged 0.96 m /hr 

( 2  0.23) during the 10 sampling periods. 

3 Flow through the impactor averaged 1.53 m / h r  
3 

Two additional se t s  of samples were collected for supportive 

information. These were precipitator ash samples Collected a t '  the 

local Bull Run Power Plant and at  the TVA Cumberland Power Plant. Post 

precipitator f ly  ash samples were also collected by hand from the 

deflection plate a t  the base of the exhaust stack while the units were 

down for maintenance. 

TVA Air Quality Branch plume samples were collected at  three distances 

from the stack o f  the Cumberland Plant us ing  a TUA helicopter w i t h  a 

sampling port  designed for  isokinetic plume sampling beyond the 

In addition, during a cooperative study w i t h  the 

influence of the prop wash. Particulate samples were collected us ing  

to ta l  f i l t e r s  and modified Anderson impactors designed for isokinetic 

flow under these conditions. 

. 

The impactor modification involved 

removing several lower stages af ter  calculating the c r i t i ca l  flow 

velocities and impaction parameters for the conditions of sampling 

(flow ra te  of 4.6 m hr 

/ _- 

3 -1 ) needed t o  maintain isokinetic flow 

through the plume probe and impactor. 

Analytical Techn i ques 

Extraction Procedure and Operational Definitions 

A t  the end o f  each sampling period the collectors were returned to  

the laboratory where the impaction plates and total  and backup f i l t e r s  

were removed us ing  teflon forceps and polyethylene gloves i n  the clean 



bench. These f i l t e r s  were wighed on a 5 place balance w i l h  a 

resolution of 0.31 mg, sealed .in acid washed polypropylene petri dishes 

and stored i n  glass dissicators u n t i l  ana?ysis or extraction. 

simplify interpretation of the impactor data and t o  assure sufficient 

material i n  each particle size range for  analysis, the impaction plates 

To 

were combined i n  pairs for extraction as follows: 

(designated as particle size class l),  stages 2 f 3 (class 21, stages 

4 + 5 (class 3) ,  stages 6 f 7 (class 41, while the backup f i l t e r  (class 

B )  was treated separately. The aerodynamic particle diameters for each 

, stage, assuming an impactior: effictency of 50%, were calculated from 

stages 0 f 1 

relationships between f?ow rizte, impaction efficiency, and particle 

diameter supplied by C. H, Erickson, Director of Engineering, Anderson 

2000 Inc. 

On several occasims duplicate t o t a l  f i l t e r  samplers and impactors 

were prepared i n  the lzboratcry, stored i n  the clean bench d u r f n g  f ie ld  

sampling, and dismantled aloncj w i t h  the f ie ld  samplers as described 

_ -  

above, including both weighing steps. Thesi! f i l t e r s  and im?actior: 

surfaces were carrfed through the laboratory leachlng procedure, as 

described below, and gsed for b lank  determinations. 

The laboratory leaching experiments were designed t o  result i n  the 

complete extraction of the water soluble component o f  the mbient 

aerosols i n  the f i rs t  step and i n  the extraction of the dilute acid 

leachable component i n  the second step. On one 3ccasiong the residue 

remaining after the water and dilute acid extraction was subjected t o  

an additional acid leaching a t  13 times the original acid 

concentration. 011 anotner occasion the residue was subzectej t o  a 
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complete digestion procedure. 

procedures were as follows: (1) Water extraction- f i l t e r s  or 

impaction surfaces were placed into prewashed (washing procedure as 

described i n  Appendix A )  250 ml polyethylene bottles w i t h  50 m l  2XDW 

(water quality and d i s t i l l a t i o n  procedure f o r  the 2XDW a l so  described i n  

Appendix A).  

polyethylene bags, and shaken on a reciprocating shaker a t  h i g h  speed 

(240 oscillations per minute) fo r  two hours. 

f i l t e red  t h r o u g h  a standard 0.4 prn Nuclepore f i l t e r ,  and the f i l t r a t e ,  

termed the water soluble fraction, saved for analysis. The details  of 

The details  of the various leaching 

These bottles were t ight ly  capped, sealed i n  clean 

T h i s  leachate was 

the f i l t ra t ion  procedure, including types of f i l t e r  apparatus, washing 

procedures, and contamination checks, are described i n  Turner e t  al .  

. (1977) and briefly discussed i n  Chapter -1V; (2) Dilute acid leach- the 

original f i l t e r  or impaction surface was retained i n  the polypropy?ene 

washing bottle from step 1 and the 0.4 m nuclepore membrane used t o  

f i l t e r  the water extract was added t o  this bottle. These f i l t e r s  were 

- 

then shaken on the reciprocating shaker for 2 hours w i t h  50 ml of 

0.08 N (pH = 1.1) Ultrex ul t ra  pure HN03. 

of this pH and the trace element levels i n  the Ultrex acid are 

_- - 
The reasons for the chbice 

discussed in Appendix A. Following the shaking step, the samples were 

stored at  ambient temperature i n  the dark fo r  7 days pr ior  t o  analysis; 

(3)  Occasional 1N acid leach- the sample from step 2 was acidified t o  

1.0 N w i t h  Ultrex HN03 and carried through step 2 again; (4 )  

Occasional "total" wet digestion- the sample from step 2, including 

both f i l t e r s ,  was slowly taken t o  dryness on a steam plate. 

residue was leached w i t h  10 m l  Ultrex concentrated HN03 + 10 m l  

The 
' 
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Ultrex concentrated HC1 + 10 ml ZXDW as suggested by Anderson (1974). 

This solution was shaken on the shaker for 2 hours, stored in the dark 

for 7 days, and heated to 90°C for 12 hours prior to analysis. 

Extraction efficiency or recovery was checked using small quantities of 

NBS Standard Fly Ash (discussed in a following section). 

In the following discussions certain operational definitions will 

apply to the use o f  the terms "soluble" and acid "leachable* 

components. These will be as follows: 

Soluble fraction = quantity of material removed by the distilled 

water extraction in step 1, expressed in air concentration or 

particle concentration terms. 

Acid leachable fraction = quantity of material removed by 0.08 N 

HN03 leach in step 2, expressed similarly. 

Environmentally mobile or available fraction = soluble fraction 

plus  acid leachable fraction, expressed similarly. 

Relative solubility = boluble fraction/available fraction] 100, 

expressed as percent soluble. 

Extraction Efficiency 

The extraction method was tested to determine the completeness of 

the water and dilute acid extractions. A series of sequential samples 

were collected over a given time period during the water leaching and 

during the dilute acid leaching. These samples were analyzed for the 

element o f  interest to determine the optimum extraction times and 

solution volumes. The data for two representative tests for the 

leaching rates of Cd and Pb from a total aerosol filter is sumnarized 
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i n  Figure 2. The patterns of Zn and Mn release were nearly identical 

to  thcjse of Cd. The release of SO; was similar t o  the metals 

tested for the 2XDW leach b u t  very l i t t l e  additional SO; was 

removed i n  the i?cid leach step. 

98% of the Cd and Pb wwe i n  solution (assuming the 24 hour values t o  

represent 100% of the water extractable material). 

leaching, the solution was acidified to pH = 1.1 (at  a rate of 5 ml 

Ultrex HN03/1). 

acid leachable metal fraction dur ing  the following 2 hours, followed by 

After the in i t i a l  2 hours of leaching 

Following the 24 h r  

T h i s  resulied i n  an additional rapid release of the 

a very gradual release over the next 36 to 48 hours. The amount 

released dur ing  the in i t i a l  2 hours o f  dilute acid leaching represented 

95% of the Cd and 97% o f  ?he Pb present i n  solution following 3 days of 

continued leaching while the amount i n  s01utl”on af ter  7 days was 

essentially 100% o f  that present a t  3 days. 

terminated a f te r  2 hours wbile the dilute acid leaching was terminated 

, 

Thus the 2XDW leaching was 

af ter  7 days. 
, 

As described above, two aerosol samples were further extracted by 

an additional IN HNOJ leach i n  one case, and a Vot&1’8 wet digestion 

i n  another. 

the previous indication that  very l i t t l e  (approximately an additional 

These samples were not analyzed for a SO; because of 

1%) SO; was removed by the dilute acid laach step. 

agreement w i t h  rescllts reported by Dams et af. (1975). The results o f  

the additional IN acid leach can be expressed as the r a t io  of the tota! 

metal removed by the 2.iDW lezch plus dilute acid leach p l u s  IN acid 

leach to  the amcunt remvecl by the f irst  2 steps alone. 

T h i s  is i n  

Results for a 

total  aerosol f-i l ter  were as foilows: Cd = 1.05, Mn = 1.01, Pb = 1.11, 
1 
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Time 

FSg. 2. Temporal variations i n  Cd (upper plot)  and Pb (lower) 
concentrations i n  solution dur ing  the leaching o f  a total  
aerosol f i l t e r .  Extraction solution was double d i s t i l l e d  
water (pH =5.6) u n t i l  acidified to pH r: 1.2 (n i t r i c  acid). 
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Zn = 1.11, while results fc r  a single impaction surface were: 

Cd = 1.00, Mn = 1.01, Pb = 1.12, Zn = 1.01. Thbs, w i t h  the possible 

exceptions of Pb znd Zn, a negl-ibjhle arount o f  additional metal was 

removed by the Ifi acid l e x h  relative t o  a 0.08 N acid leach, lending 

support t o  the routine use cJf the more dilute acid leaching step 

described above. 

One f u l l  set  of impact.Son plates was carried through the lltota!lt 

Because o f  the refractory nattire of f l y  ash wet digestion procedure. 

and its suspected presence i n  zerosol samples i n  WBW (Lindberg e t  al., 

1975), the digestion procedure was tested us ing  mill igram quantities 

(similar i n  mass t o  the amount of aerosol generally collected on 

aerosol f i l t e r s )  of  Standard NBS Fly Ash. 

The results o f  the NBS ash d igzs t ion  arid the digestion of ambinet 

aerosols are summarized i n  Table 1. 

content t o  certif ied content for 3 replicate samples indicate t h a t  the 

wet digesticn o f  the NBS ash resulted i n  excellent recovery fe r  Cd and 

The ra t ios  o f  analyzed NBS ash 

generally good, b u t  errat ic ,  recoveries for .Pb  and Zn. Only .in the 

case o f  Mn were the recoveries consistently ?ow, perhaps due t o  the 

inclusicm of Mn w i t h i n  the acid resistant ash residue t o  some extent. 

For this reason, the " to ta l"  wet digestion concentrations o f  Cd, Pb, 

and Zn i n  aerosols were ussd without correctictn while the l l to ta l l l  

digestion concentrations o f  Mn were corrected f o r  an apparent 80% 

recovery. The second section of Table i indicates the r a t io s  o f  

available metal concentrations to  total  rnetal concentrations for large 

and small particle fracticrns o f  the t o t a l  aerosol. 

particles (stages 0 p lus  I, size class 1) were the 'least eff ic ient ly  

The largest 
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Table 1, Comparisan o f  measured to c e r t i f i e d  concentrations i n  MBS standard f l y  
ash digested by the HNO -HC1 wet method. Also, comparisons o f  the amount 
o f  metal removed from vdrious aerosol size fractions by d i s t i l l e d  water 
and dilute acid leaching techniques re la t ive  t o  the to ta l  digest ible  
metal present 

. ~~ 

Sample Cd Mn P b: Zn 
anal yzed/cert i f i ed conc en t r a t i  on r a t i o  (X'k a)] 

NSS Standard 
Fly Ash 

" (# 1 633 ) 
(n=3) 

Anderson 
Stages 0-1 

Stages 6-7 

- 
d 

Backup f i l t e r  e 

Total aerosol 
f ract ion 

0.97k0.09 0.80+0.04 0.89k0.17 0.8950.17 

b Availablea/total digest ible  concentration r a t i o  

0.81 0.80 0.20 0.002 

1.03 

1.23 

0.83 0.26 0.15 I I 

0.99 0.23 0.59 
_-- 

1.02 0.93 0.46 0.40 

aAvailable = d i s t i l l e d  water leach plus d i lu te  acid leach. 

bDigestible = available p lus  wet digest ible  (HN03-HCL). 

'Aerodynamic diameter >-7,2 pm (size c lass  1). 

dAerodynarnic diameter 'L 0.44 vm (s ize  c lass  4). 

eIdeally should capture c-0.44 urn material ( s ize  class B). 
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leached by the 2XDW plus dilute acid steps, yielding < 1% of the Zn, 

20% of the Pb and Q, 80% of the Mn and Cd. 

removed by the water and dilute acid leaching procedures relative to 

the 

(from size class 1 to 4 to 8). This increasing availability of trace 

metals associated with smaller particles is related to their known 

The fraction o f  the material 

material generally increased as the particle size decreased 

increased concentration on the surfaces of smaller particles (Natusch 

et al., 1974; Natusch and Wallace, 1974; Keyser et al., 1978), and is 

discussed further in a following section. 

For the total aerosol material the available fraction represents 

50% o f  the Pb and Zn, but nearly all o f  the Cd and Mn. 

kept in mind when "relative solubility" of the aerosol associated 

This should be 

metals i s  discussed in the following sections. The operational 

definition of "relative solubility" discussed earlier will yield values 
_-- 

for Mn and Cd i n  all particle size classes within 20% of the value 

comnonly termed water-solubility (e.g., water leachable fraction 

divided by the total metal originally present). Similarly the relative 

solubility will most closely approximate the water-solubility for the 

small particle fractions o f  Pb and In. However, it should be kept in 

mind that the operational definition will overestimate the 

water-solubility of Pb and Zn in large particle fractions and in the 

total aerosol. Similarly, discussions of the available or 

environmentally mobile concentrations of elements in the atmosphere 

should be read with this in mind. However, since such harsh extraction 

.procedures (5.3 N HNOQ + 4 N HC1) are rarely encountered in the 

environment, the consideration of available metal concentrations is 



28 

valid, especially as related to element cycling and mechanisms of both 

wet and dry deposition. In addition, the operational definition 

remains useful for all elements for the purpose of sample to sample 

comparisons. 

Analytical Procedure 

All samples for trace metal determinations were analyzed using 

graphite furnace atomic absorption spectrophotometry (GFAAS), employing 

the standard additions method on each sample. 

technique, including considerable discussion of quality control, are 

The details of the 

described in Appendix A, while results of a four laboratory 

intercalibration study are described in Turner and Lindherg (1976). 

Sulfate was determined using an automated colorimetric procedure 

employing the improved method of McSwain et al. (1974). 

discussion of the technique and an evaluation o f  its accuracy and 

precision are described in Appendix A. The sulfate technique resulted 

in a mean accuracy of k 1% and a mean precision of rt 4% for samples in 

A detailed 

the 1-5 mg/l range (most commonly encountered concentration in 

extraction samples) 

generally between rt 1 to ? 3% with precision ranging from k 4 to k 10% 

for concentrations in the pg/l range. 

The GFAAS technique resulted in mean accuracies 

Sampling Reliability and Reproducibility 

Efficiency of Impaction Surface 

A number o f  experiments were run during the developmental period 

of this research to test the reliability of the sample collection 

design and to determine overall sampling plus analytical precision. 
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prior to checking the overall reproducibility between replicate 

impactor runs, total aerosol runs, and between the concentrations 

determined by the total filter compared to the sum of the impactor 

stages, it was necessary to evaluate the utility o f  the nuclepore 

membranes as impaction surfaces. The problem o f  particle bounce in 

cascade impactors i s  well known but not easily solved (Drubay et a?., 

1976). 

impaction plates have been used for sample collection when covered by 

In several applications glass slides or stainless steel 

an additional impaction surface such as polyethylene f o i l s  or fifms 

(Heindryckx, 1976; Martens et al., 1973). As previously discussed, 

because of the need to maintain low blank levels, and to find a 

substrate o f  low tare weight which was amenable to the leaching 

procedures, Nuclepore membranes were chosen. ,/ 

- 
Various membrane films have previously been used in particle size 

analysis, but were generally coated with a sticky material (Berg, 1976; 

Ozubay et al., 1976). 

be used in this application, it was necessary to compare untreated- 

Nuclepore membranes with sticky membranes. 

wherein 2 samplers were operated simultaneously above the forest canopy 

for 96 hours, 

above while the other contained similar membranes coated with a thin 

lqyer o f  Apieton L, a hydrocarbon grease previously used by Berg 

Since the sticky substance could obviously not 
_-, 

As experiment was designed 

One sampler contained untreated membranes as described 

(1976). The atmospheric conditions during this experiment were 

characterized by low relative humidities ( <  50%) and strong, persistent 

westerly winds. 

of particle bounce because of the refatively high suspended loads and 

These conditions should have enhanced the possibility 
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significant large par t ic le  fractions associated w i t h  turbulent winds, 

i n  addition t o  €he low humidities (Winkler, 1974). 

analyzed directly by neutron activation analysis, primarily for 

aluminum, using the methods described i n  Bate e t  al. (1976). T h i s  

The samples were 

element was chosen because of its ubiquity i n  both soil dus t  and f l y  

ash, i ts  tendency t o  occur on larger particles, and its low density, 

a l l  characteristics conducive t o  increased particle bounce. The 

results of the experiment may be represented by the uncoated/coated 

impaction plate aluminum concentration ratios for each particle size 

class as follows: 

0.94 (8.2 m, aerodynamic diameter), 0.84 (5.4 m), 1.09 

(3.8 m), 0.86 (2.4 pm), 1.15 (1.2 urn), 1.0 (0.76 vm). 

T h i s  data suggests a somewhat lower collection efficiency for the large 

particle- stages w i t h  uncoated slides and somewhat higher collection 

efficiency for smaller par t ic le  stages w i t h  uncoated slides. 

there is some evidence o f  part ic le  bounce, b u t  these 10 t o  15% 

differences were not judged sufficient t o  sacrifice the solubili ty 

Thus 

experiments by-using t h e  treated surfaces. 

experimental work w i t h  t h e  impactors was performed dur ing  the summer 

In addition the major 

months when the mean relat ive humidity ranged from 65 t o  90%, values 

conducive t o  enhanced par t ic le  retention by impaction surfaces, 

especially f o r  the water soluble fraction of aerosols (Winkler, 1974). 
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Compariability o f  Sampling Techniques 

The overall reproducibility of the sampling plus analytical 

The air concentration techniques was determined by two methods. 

determined by analysis of the total air filter was compared with the 

sum of the impactor stages. These values are summarized in Table 2 as 

the ratio of the sum of the impactor stages to the total aerosol 

concentrations for each experiment. Although for any given element in 

any given sampling period the sum o f  the impactor stages can either 

under- or overestimate the concentration measured by the total filter, 

the ratios o f  these values show an overall average close to 1 for the 

total suspended particulate load (TSP), SO:, Mn, and Pb. 

s i m i  1 ar agreement was recently reported by tawson and Winchester (1978) 

for the major aerosol constituents S, K, Fe, and Ca, although such 

A 

comparisons are not routinely reported in the literature. 

elements Cd and Zn show a tendency toward concentration overestimates 

However, the - 

by the sum o f  the Anderson stages relative to the total filter, 

although there was not a consistent bias such as might be indicative of 

a systematic contamination. For this reason the impactor data will be 

used primarily as an indication of the relative size distribution of 

each element, the total filter data being considered a better measure 

o f  the air concentration. 

The reproducibility of replicate impactor runs was determined on 

two occasions. However, more than simple reproducibility was actually 

assessed. Imnediately prior to the aerosol experiments a series of 

papers appeared in the literature pertaining to the large particle 

collection efficiency of the standard 8 stage Anderson impactor 
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Table 2. Comparison o f  to ta l  a i r  concentrations determined from the sum of the i n -  
dividual impactor stage concentrations and from the total  aerosol f i l t e r  
sample. 

8 
(concentration per impactor s tage) / total  aerosol f i l t e r  concentration) 

1 

Sample TS Pa so; Cd M n  Pb Zn 

w1 
2 
3 
4 
5 
6 
7 
8 
9 

10 - 
11 
11M 
12 
12M 

Mean 
Standard 
Error 

1.2 
1.2 
0.8 
0.7 
0.7 
1.3 
0.9 
0.7 
1.0 

1 .o 
0.9 
0.7 
0.7 

- 

0.9 
0.1 

1 .l 
0.9 
0.8 
0.7 
0.7 
1.1 
1.6 
1.2 
1.4 

1 .o 
0.8 
0.8 
0.8 

1 .o 
0.1 

- 

_- 

2.1 
1.1 
1.1 
1 .o 
1.6 
1.6 
2.3 
0.3 
2.9 
- 

1.5 
1.3 
2.1 
2.1 

1.6 
0.2 

0.3 
2.1 
0.6 
0.6 
1.1 
0.6 
0.8 
0.8 
0.5 
- 

0.7 
0.5 
0.8 
0.8 

0.8 
0.1 

0.9 1.6 
0.8 1.3 
0.8 1.3 
0.7 2.3 
0.8 2.2 
1.2 1.6 
1.7 3.2 
1 .o 1 .o 
0.8 1 .o 

0.7 1.5 
0.6 1.5 
0.6 1.2 
0.7 1.3 

0.9 - 1.6 
0.1 0.2 

aTotal suspended particulates.  
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(Wedding et al., 1977; McFarland, 1977). The basic conclusion of these 

authors was that the standard impactor operating under certain 

conditions was subject to low collection efficiencies (s 2%) for 

relatively large particles (> 5 um). 

Anderson Corporation ultimately resulted in procurement of modified 

(based on the suggestions o f  Wedding et a?., 1977) upper impaction 

stages, impaction plates, and all-weather.sampling inlets for two 

impactors, but not until the final weeks o f  our experiments. 

samplers were outfitted with the usual impaction surfaces and operated 

simultaneously with standard impactors during the final two sampling 

periods (W11, 12). The results of these 4 impactor runs are summarized 

in Figure 3, which illustrates the concentration ratio for each element 

calculated from the sum of the impaction stages (standard/modified) , 
and the relative particle size distributions in each sample (percent o f  

Our initial contact with the 

The new 

total concentration found in each size class). In general there were 

no clear trends in the data suggesting more efficient collection by 

either sampler. 

except for Zn (= l), indicating that the standard impactor actually 

collected more material. 

Supporting the’conclusion. 

so;) or < 1 (Mil, Zn) suggesting a somewhat greater trace element 

The concentration ratios during Wll were all > 1 

For TSP the ratio for experiment W11 was 1.07 

For W12 all the ratios were Tr 1 (Cd, Pb, 

Collection by the modified sampler. 

during W 1 1 .  

Collection between the two samples (generally 

However the TSP ratio was > 1, as 

Thus, it is more likely that the differences in absolute 

15%) is related as much 

t o  analytical precision as to sampler reproducibility. 
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A 

_- 
Size Ciass 

Fig.  3. Cornpiirison of to ta l  air coticentrations and re:ative 
concentrations i n  five size classes of the ava.ilable fraction 
(water soluble p lus  dilute acid leachable) o f  several elements 
i n  aerosols collected simultaneously w i t h  s. standard 
(*, dashed l ine) and a niodifieci (x,  soiid line) Andersen 
impactor. Rejative ccmcentration is expressed as percent of 

-the element collected on any ane stage w i t h  respect t o  the 
total  quantity of the rloment collected on a l l  stages (i.e., 
[ A  C 100/CC]/~d~). Particle s ize  classes are approximated 
by the fo l lowing  aerodynamic diameters (assuming a 50% 
impaction efffciency): B, < 0.44 ptn; 4, 0.44 vm; 3, 1.1 urn; 
2, 3.4 urn; 1, > 7.2 pifl. 
impactor stage concentrations for the standard Andersen 
divided,by the sum of the impactor stage concentrations f o r  
the modified Andersen imp-tctor. The upper 5 plo ts  are for 
data collected d w i n g  experimental period W11; the lower 5 
plo ts  are for data collected during W12. 

C2 = concentration ra t io  = sum o f  the 
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The agreement between the particle size distributions determined 

from each sampler was reasonable as indicated in Figure 3. If the 

modified sampler does collect aerosols in the 5 I-lm size range with a 

considerably greater efficiency than the standard impactor, one would 

have expected t o  see relatively higher concentrations of some elements 

in size class 1 (impaction stages 0 + 1, aerodynamic diameter > Q 7 urn) 
and somewhat Tower concentratiotk on the succeeding stages. 

was illustrated to some extent by the Cd and Zn data during W11 and by 

Mn and SO: during W12, i n  that size class 1 and sometimes class 2 

exhibited higher relative concentrations in the modified impactor 

This trend 

compared to the standard model, 

initial 2 size classes the trends for each element are complex. 

during k l l l  the material gained by the increased efficiency of size 

class I o f  the modified impactor appears to have been collected i n  size 

classes 2 + 3 by the standard impactor. 

o f  the modiffed collector retained material apparently collected in 

size class 3 crf the standard sampler. 

collected in size class 1 o f  the modified samples was collected in size 

class 2 of the’standard sampler, while for SO; during W12 the 

modified impactor collected relatively more material in classes I, 2, 

and 3 but reTatikely less i n  classes 4 and 6, Thus there were no 

Consistent dffferences for any one e’lement and it is possible that the 

minor differences seen are related to ’sampling and analytical 

reproducibility and not the result of sampler design differences. 

most importance from this experiment was the fact thzt replication 

between dupli’mte particle size collections and anlyses was sufficient. 

However it is apparent that beyond the 

For Cd 

For Zn during W11 classes 1 + 2 

For Mn during W12 the material 

Of 
- 



to indicate that differences in size Jistribiitions on the order of 

20% or more between samplitiy periods can be distinguished using the 

methods employed here. 

Rxults and Qiscussion 

The genera: air quality and weather characteristics o f  the 2eriods 

Since o f  aerosol sampliqg durirq this study are summarized in Table 3. 

it was the intent of these experiments to relate aerosol chemistry and 

size distributions t o  the chemistry and deposition rates o f  particles 

removed by both wet an3 dry processes it is informative to consider the 

sampling p2riods in terms cf their general meteorologic and air quality 

characteristics. As anticip2ted, intensive sampltng during the surmer 

months resulted in a qariety of such conditions being encountered. 

Three parameters are lrseful in characterizing these period5 acccrding 

to atmospherjc conditions. Three pat*ameters are quantity and duration 

of precipitation, which are also generally related to atnospheric 

stability, and wtnd direction frequency. Data relating to 

precipitation characteristics wzs taken from the 5 site, continuously 

recording rain gauge network at Walker Branch Watershed (Chapter V ) ,  as 

well as from a recording wetness sensor operated at the sample 

collection site (described in a following section and in Chapter I V ) .  

The frequency distribution o f  wind speed and djrection was determined 

from data collected at a 110 m meteorological towzr located Q 10 km WSW 

o f  the watershed. Observztions st the tower included a conti~uour: 

record of wind speed ai-id direction at 10 rn and 110 m neights, and are 
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used to  calculate mean hourly wind speed and direction and standard 

deviation o f  the hourly mean wind direction. The da ta  is  logged, 

coded, verified, and sumxized  by the Tennessee Valley Authority Air 

Qtrality Branch, Muscle Shoals, Alabama. 

and direction were produced for each of the 10 experimental periods, as 

Frequency plots o f  wind speed 

i l lustrated i n  Figures 4 and 5 i n  the form of windroses. 

experimental period was then classified according t o  the frequency o f  

winds fron! the direct3on of any of the local coal f i red plants (located 

i n  two general directions from the watershed, as i l lustrated i n  

Figure 1, Chapter 111, or frorr; directions not directly influenced by 

local sources. 

Each 

A sumnary by similar precipitation characteristics i s  presented i n  

Two per-iods werz characterized by considerably rainfall  Table 4. 

volumes (W5 and 11, both 

- < 1.5 em) and the remainder by traces o f  rain (0.24 k 0.10 cm). 

wettest periods were also characterized by multiyle events and long 

3 cm), two by moderate amounts (W4 and 9, 

The’ 

durations of continuous rain, Q 10% of the total  sample period. 

addition, the precipitation began near the s t a r t  of each period ( e  10% 

o f  the time since iriitiation 3f sampling) ‘and continued, a t  least 

intermittently, unt i l  the end of the szmpling p w i o d  ( w i t h i n  1o”A of the 

I;I 

time before sampling corcpletion). In general the mean relat’ve 

humidi ty  du r ing  these periods reflected these conditions. 

Atmospheric s t ab i l i t y  was also related t o  the precipitation 

characteristics as indicated by the frequency of occurrence of stable 

or unstable conditions, For purposes o f  slmplificdtion the six 

standard s t ab i l i t x  classes were grcuped i n t o  two general types o f  

! 



WNOROSE. WX 9-16.1977 
L 

& WINDROSE. %IlE 20-27.1977 
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w2 WINDROSE. UAY 16-20.1977 

w4 WINDROSE, JUNE S-13.1977 

W 6 WINDROSE. JULY 12-iu.1977 
n 

Fig. 4 .  Windroses for experimental periods Wl-W6. See Figure 5 
for. key kcv scale.  
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W7 WINDRX~E. JULY ia-zr.1977 w9 WINDROSE. AUGUST 11-17.1977 

w?. 1 WINDROSE. SEPTEUBEK 12-13.1977 bll2 WINDROSE, OCTOBER 12-17.1977 
N 

I 

Fig. 5. Windroses f o r  experimental periods W7, big, W11, W12. 





42 

conditions, unstable (Clesses A, 8, C) and stable (D,  E, and F). The 

classes were determined frcm the standard deviation of the mean hourly 

wind direction (S1 ade, 1968) e 

The rain valcrme and s t ab i l i t y  conditions were reflected t o  some 

degree by the gefiernl a i r  quality. 

precipitation periods were characterized by the lowest TSP and lowst 

frequency of photooxidant concentration violations.  Both of these 

parameters increased consistently as rain volume and duration 

decreased. 

mixing and dispersion dur ing  unstable cmd’ticns and t o  the ab i l i ty  o f  

precipitation to scavenge particles and gases from the atmosphere. 

conditions also result i n  d gefieral decrease i n  ground level d u s t  

resuspensi on. 

The least stable, highest 

These observations relate t o  the increased atmospheric 

Wet 

/ 

Classifying the periods by a i r  flow patterns revealed few clear 

relationships. The periods were grouped by frequency of winds from any 

directions not  influenced by the three local power plants .  T h i s  method 

resulted i n  3 classes: h i g h  (W2, 4, 11; x = 60%); moderate (Wl, 6, 9 ;  

x = 50%); and low (W3, 5, 7; x = 40%) frequency of winds frcm quadrants 

other than those influenced by t h a  local sources. An effect o f  wind 

direction on TSP was not apparent, the meat? TSP for each group ranging 

between 37 - 40 !1S/m . 
frequency of photo-oxidant conditions, w i t h  mean values ranging from 15 

3 Hind direction d id  not influence the 

t o  18%. 
1 



43 

Concentrations and Particle Size Distributions 
of Available Metal and Sulfate Fraction: 
Relationships to Atmospheric Conditions 

The air concentration and relative size distribution data for the 

available element fractions of Cd, Mn, Pb, Zn, and SO; in aerosols 

collected during each of the 10 sampling periods is summarized in 

Table 5. For the initial purpose of comparing the concentrations 

measured at WBW with those determined for other areas, the arithmetic 

mean and standard deviation, the geometric mean and standard deviation 

(the log normal distribution of trace elements in aerosols is well 

established; e.g., see Lee et al., 1975), and the range of 

concentrations for each component in the total aerosol fraction were 

calculated and are presented in Table 6. 

forms a significant fraction of the total aerosol composition, 

comprising CL 25% of the material by weight. 

only Pb approaches 1% o f  the aerosol composition (0.33%) followed by Mn 

It is apparent that sulfate 

Of the remaining elements 

and Zn (0.03%) and Cd (0.0004%). 

agreement with those determined by an earlier neutron activation- 

These values are in excellent 

analysis (NAA) of aerosols collected in WBW (Andren and Lindberg, 1977) 

with the exception of Cd (0.01% in the 1977 paper). 

relates primarily to the relatively poor sensitivity of NAA for Cd, 

leading to a possible overestimate due to the reporting of "less than" 

This difference 

values. 

an additional 8% of the aerosol composition attributed to Al, Fe, C1, 

Ca, and Na, and another 1% due to 28 trace constituents. Combined with 

the data in Table 6 this leaves 65% of the aerosol which must be 

Interestingly, the earlier multielement approach accounted for 
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Table 5. junnary of ” w a i l a b l e ”  metala and su l f a t e  a i r  concentratiuns i n  WB:l during t h e  intenslve sampling 
experinenrs. 
par t ic le  size d:str!bution; i n  percent of total  concentration per impactor stage. 

Shwn a re  the total  f i l t e r  conce i toa t ions  i n  mass pel’ uni t  volume and the r e l a t lve  

-- 
Experimental 1n.pac:orr Aerodynaniic 

period 5 tage diameterb TSP Cd nap Pb Zn so: 
(um) 

Y2 

u3 

Y4 

Y5 

ui 

Y1 total  
t 
2 
3 
4 
B 

total  
I 
2 
3 
4 
8 

total 
1 
7 
3 

8 

total  
1 
2 
3 
4 
8 

tOLa1 
1 
2 
3 
4 
8 

total 
1 
2 
3 
4 
8 

total  
1 
2 
3 
4 
8 

%tal 

? 
3 
4 
8 

tot21 
1 
2 
3 
4 
8 

t o t a l  
1 
2 
3 
4 
8 

, 1  

Y9 

Y11 

u12 

Xl.0 
3.: 
1.2 
0.50 

<o.su 

>i .8 
3.7 
1.2 
0.OJ 

c0.48 

>7.2 
3.3 
1.i 
0.44 

<0.4$ 

’7.8 
3 7  
I . ?  
0.48 

c0.48 

s7.3 
3.3 
1.1 
0.43 

cu.43 

’I .8 
3.7 
1.2 
0.49 

q0.49 

>7.1 

3.3 
1.1 
0.44 

co.44 

’7.8 
3.7 
1.2 
0.48 
c0.48 

>i.3 
3.4 
1.1 
0.45 

c0.45 
I 

S7.1 
3.3 
1.1 
0.44 

<0.44 

45.5 ugfm’ 
17% 

25 
12 
13 
32 

64.0 .ig/m’ 
18.4 
17 
12 
30 
24 

38.1 vgln’ 
14% 
18 
7 

27 
34 

31.4 uglm’ 
10% 
13 
8 

17 
E l  

26.0 uglrc’ 
6% 

1P 
21 
43 
11 

3b.3 ugln’ 
9x 

16 
11 
45 
I1 

31.5 u51m’ 
1 I% 

14 
9 

13 
24 

zp.9 u g h ’  
ax 

14 
11 
33 
34 

23.6 uslm’ 
7% 

12 
16 
41 
24 

23.0 uglm’ 
16% 
17 
6 

29 
32 

0.12 9;m’ 10.5 n g h ’  

18% 20% 
33 36 
18 21 
18 I1 
13 11 

0.24 nglm’ 2.5 agh’  
6% 22% 

16 27 
23 22 
10 13 
44 16 

0.13 nglm’ 11.4 nglm’ 
8% 8% 

11 28 
13 3 
28 11 
44 30 

0.16 q f m ’  18.0 nglm’ 
11% 45% 
25 14 
6 16 
7 16 

52 8 

0.063 nglm’ 7.2 nglm’ 

25% 15% 
16 31 
24 39 
24 11 

4 10 . 

u.10 ngfm’ 10.0 nglm’ 
19% 20% 
19 31 
10 27 
27 15 
25 6 

0.05 nglm’ 13.0 nqlm’ 
13% 17% 
6 30 
6 17 

18 13 
57 23 

0.22 ng/m’ 12.0 ngh’ 
13% 21% 
27 23 
19 24 
26 23 
16 9 

0.29 nglm’ 9.8 nglm’ 
9% 12% 

16 25 
22 27 
36 31 
16 5 

0.29 nglm’ 9.5 nglm’ 
33% 16% 
9 22 

11 23 
35 33 
l i  6 

92 ngfm’ 
2% 
7 
8 

16 
67 

170 ngfm’ 
1% 
4 
8 

33 
53 

85 nglm’ 
1% 
7 

11 
31 
49 

78 nglm’ 
2% 
4 
8 

20 
66 

63 nglm’ 
2% 
7 

14  
46 
31 

97 n q ~ n . 3  

1% 
5 

11 
30 
u 

98 nglm’ 
1% 
6 
5 

15  
72 

130 nghn’ 
1% 
4 
9 

20 
65 

172 ngh’ 
2% 
8 

14 
25 
48 

138 iiglm’ 

4% 

7 
10 
25 
55 

3.5 nglm’ 
14 
16 
19 
18 
35 

7.4 nglm’ 
8% 
7 

11 
8 

66 

3.4 nglm’ 
1% 
1 

18 
49 
32 

2.9 nglm’ 
2% 
6 

31 
30 
31 

2.9 nglm’ 
3% 
2E 
22 
35 
ia 

3.7 ng11-1’ 
3% 

14 
14 
25 
44 

3.2 ng/m3 
0% 

23 
20 
15’ 
39 

226 ngi’m’ 

11% 
24 
10  
32 
17 

32 nglm’ 
7% 

11 
36 
25 
21 

30 ngfm’ 
5% 
9 
4 

32 
49 

/ 

11.8 uglm’ 
2 
2 
3 

22 
71 

18.0 uglm’ 
1% 
2 
8 

48 
42 

lG.7 uglm’ 
2% 
2 
6 

47 
43 

5.88 uglm’ 
1 
1 
4 

23 
72 

6.60 11gIe’ 
2% 
3 

12 
64 
19 

11 .o ugm’ 
2% 
3 

6 
61 
28 

7.00 bgfm’ 
2: 
2 
.I 

39 
52 

5.10 ,ig/m’ 
2x 
2 
5 

52 
38 

7.1 uglm’ 
3% 
3 

16 
55 
24 

5.3 u91m’ 
2% 

2 
3 

47 
45 

**Available” metal = d i s t i l l e d  learhable P I U S  d i l u t e  ac!d ‘eachable. as defined i n  text.  

b l r sming  a 50% par t i c l e  :ollection ecficirncy. dara suppl .ed by Andersen 2000, Inc. 
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attributed pr:marily t o  the light elements H, C, N, 0, and Si (Dams et 

al., 1375). 

In con;pwirig the elemental concentrations of aerosols in WBW no 

attempt wili be made at an exhaustive literature survey of aerosol 

composition, this having 5een done elsewhere (Harris, 1976). Rather, 

representative concentratlons from varirJus airshed types are sumarized 

in Table 7 along with Q L I ~  ciata (keep in mind that the WBW 

concentrations are for the available element fractions only, these 

being comparable to toth1 element air concentrations for Cd, Mn, and 

SO:, but underestimates for Pb asd Zn, as discussed earlier). 

atmospheric concentrations at WSW are what mlght be expected given the 

general location of the mea, altho?rgh the ir,fluence o f  the three local 

coal fired power plants i s  cot raadily apparent. The concentration of 

The 

Cd is considerably below that seen for  several other rural and urbm 

areas. In fact the concentration range of Cd at WBW falls within tkat 

reported by Duce et al. (1975) a t  remote locations in the N. Atlantic. 

A similar situation exists for both Mn and Zn with WBW concentrations 

more comparable to remote and rural locations than urban areas. 

levels of both Pb and SO: in WBb! a.ir are considerably enriched 

over those measured at remote locatfons but are similar to 

concentrat,ions reported for rural areas. 

The 

From th!s brief ctjmparison it is clear that any gener31 effect o f  

the three 'local coal'fired plants on WBW air qualfty is not manifested 

i n  the elemental concentratiw data in a straightforward manner. This 

i s  an interesticg conclusion in light o f  the fact that these elements 

are believed t o  represent various sources to the WBW aeroso?. For 

I 
! 
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Table 7. Sumnary of representative aerosol composttion studies a t  diverse 
locations 

- 
Airshed Concentrations (ng/m3 ) 

type Cd Mn Pb Zn S Location 

South Pole" 
801 i v  i ab 
Uhite Mtn., CAc 
Squaw Mtn., Cod 
6ulf of Mex3coe 
N. Atlanticf 
Chadron, UBg 
New York Stateh 

.t Belgium 
W B d  

k Pasadena, CA 
Cleveland, OH 
New York Stateh 
Cleveland, OH 
St. Louisrn 
Bel gfum' 
N. W. Indiana" 

7 

- 

remote 
remote 
remote 
remote 
marine 
marine 
rural 
rural 
rural 
rural to 
suburban 
suburban 
suburban 
u r  ba n 
urban 
urban 
i ndustrfal 
industrial 

- 
- 
- 
- 

0.003-0.62 
. 0.57 - 

6-1 6 

0.14 - 
1.6 

3.9 

14-50 

- 
- 
- 

0.01 
0.8-3.4 - 

BD - 
0.05-5.4 

5.7 - 
- 

9.2 

66 

- 
- 

148 - 
- 

63-390 

0.63 
3.6-7.1 
8.0 

BO 

0.10-64 
45 

21 2-594 
0- 

107 
2140 
451 

759 
G O O  

791 -975 
400-3700 

- 

0.03 
1.2-5.3 

- 
BD - 

0.3-27 
16 - 

218-799 

8.5 
76 

264 - 
413 

4 50 
618-3054 
100-1 540 

- 
65-182 - 

121 -329 
1730 - 
- 

300-24,900 
- 

3000 

47,000 

%25,000 
s2500 

- 
500-1 6,700 

- 
- 

'Zoller et  a1 , 1974. 

bAdams e t  a t ,  1977. 

'Chow a t  al,  1972. 

dLawson and Winchester, 1978. BD described as "less than a few n g / d  by the 

%erg, 19!6. 

fDuce e t  at ,  1975. 

gS truempl e r  , 197 5. 

hGalvln e t  al ,  1978. 

lKretzschmar et al ,  1977. 
j T h i s  study (mean values). Metal concentrations are for the available 
fractfon only, not total. S u l f u r  concentration i s  for the leachable sulfate 
fractfon (expressed as S ) .  

liHamnerle and Pierson, 1975. 

'King et a?, 1976. 

%Inchester et  al ,  1974. 
n Harrison e t  a l ,  1971. 

authors. 
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example, ear l ier  work has suggested soils as the primary source of Mn, 

automobile exhaust as the ?D source, and coal combustion as the primary 

SO: source and an important  Zn source, while Cd could not readily 

be attributed to  any single source (Andren e t  al.,  1975; Lindberg e t  

al., 1975; Andrun and Lindberg, 1977). 

The relative size d i s t r i b u t i o n  o f  these elements i n  the atmosphere 

has been used as an indication of source types (Eisenbud and Kneip, 

1975). 

reactions or directly from copbustion sources are generally 

characterized by h i g h  concentrations of small particles ( <  

Elements o r i g i n a t i n g  indirectly from atmospheric gas-particle 

1 pm). 

Material introduced in to  the atmosphere by dispersion of surface soil  

dust or by industrial gr i i iding and mi l l i ng  processes is generally 

charactsrized by pi*edoninance o f  larger particles ( >  1 m). 
the relative particle size distributions were somewhat variable from 

period to period (Table 5) the average elemental cowentrztions ir! each 

particle size class are useful as indicetors o f  the general size 

d i s t r i b u t i o n  type characterizing any given element. 

sumnarizes the mean concentrations (5 standard deviation) i n  each 

Although 

Figure 6 

par t ic le  s ize  class for the 10 experiments. 

distributions suggest t h a t  the five cowtituents studied f a i l  roughly 

These generalized size 

i n t o  three categories; (I)  monomodel size distribution w i t h  a maxima i n  

the coarse particle mode represented by size classes 1 and 2 (Mn); ( 2 )  

monomodal s ize  d i s t r i b u t i o n  w i t h  a maxima i n  the fine particle mode, 

represented by classes 4 and 6 (Pb and SO;); and (3)  biomodal s ize  

d i s t r i b u t i o n  w i t h  maxima i n  both modes (Cd and Zn). The dorninarce of 

the coarse partic’e mode for Mn confirms the expectaticn of a surface 
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0.01 
100 

1 

ZN "1 
10 

1 
B 4 3 2 1  

Fig. 6. Mean ( Fstandard error) air concentration o f  the available 
element fraction in five particle size classes for the ten 
experiments. 
to 1, % 7.2 urn. 

Aerodynamic diameters range from B, a 0.44 pm, 
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soil  dust source. 

are expected ?:f the priniary sources o f  each constituent are combustion 

processes and/or secctndary particle formation in the atmosphere. 

bimodal distr.jbutiws Cd and Zn suygest two general source types, 

Because ~f the co-geochemical occurrence of both elements (Rankhama and 

Sahams, 19501 thss similarity i n  behavior does not seem unusual. 

The strong fine particle modes for Pb and SO; 

The 

Both 

elements 

roasting 

Hook and 

are known to be e m i t t e d  during coal combustion and ore 

prGcesses, resulting i n  primarily submicron particles (Van 

Shultz, 19771, and during ore grinding and automobile tire 

wear processes, both mechanisms resulting primarily in coarse particles 

(Huntzicker and !3avidscn, 1975). The general multimode1 size 

distribution of aerosols has been well established (Junge, 1963; Whitby 

et al., 19721, qhile considerable published data exists confirming the 

size distributions o f  the ind5vidual elements measured in this study 

(e.g., see the review by iiarris, 1975; also Lee, 1972; Lee et al., 

1968; Martens et a'i, 1973; Whitby et al, 1975; iravidson, 1977). 

The atmospheric concentrations of each element in 5 particle size 

fractions measured during the 10 periods are illustrated in Figures 7 

to 9. Iri general these distributions conform to those o f  the mean 

concentrations just discussed. However, it is apparwt from these 

figures that there are numerous atmospheric processes influencing the 

size distributions of any eleinent during the 10 sample periods. For 

example, Cd deviates from a clearly bimodal distribution only during 

M11 and perhaps WI, while Zn exhib'ts other than a bimodal distribution 

during W3, 6, and 11. 

distributed, the peak cnncentVat.ions don't always occur in the same 

Although Cd and Zn are generally bimodally 

I 
i 
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0.m 

0.1 1/-~ 8 4 3 2 1  

Fig. 7. Air concentration o f  the available element fraction of Cd 
(left two columns) and Mn (right two columns) in five 
particle size classes during each o f  the ten experimental 
periods. 
1, >?, 7 . 2 ~ ~  

Aerodynamic diameters range from €3, (2, 0.44~m to 
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M 

0.1 I 

T 6 

--- 
1 4 3 2 1  B 4 3 ? 1  8 4 3 2 1  B 4 3 2 1  

Fig. 8. Air concentration o f  the available element fraction o f  Pb 
( l e f t  two columns) and Zn (right two columns) in five 
particle size classes during each of the ten experiment21 
periods. Aerodynmic diameters mnge f rom (3, SQ 0.44vm to 
1, >rL 7.2 urn. 
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10' 

la- 

. WI 

I 6 

8 4 3 2 1  8 4 3 2 1  

Fig. 9. Air concentration of water leachable sulfate in five particle 
size classes during each of the ten experimental periods. 
Aerodynamic diameters range from 6, <'L 0.44 pm t o  1, YL 7.2 pm. 
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size class, generally shifting between classes B and 4 at the low end 

and ? and 1 at the high end. 

sources o f  Cd and Zn probably generzte aerosols with a relatively 

This suggests that, although the primary 

constant, characteristic size distribution over the experimental 

period, other factors involved during aerosol aging such as 

gravitat iona.: sedimentation and particle coagulation also i n f  1 uerxe the 

size distributions at the receptor. A similar situation exists for Mn 

and SO;, arrd, to a lesser extent, for Pb. Manganese is dominated 

by the large particle mode for 6 of the periods but also exhibits a 

. significant small particle mode during W2, 3, 7, and 12. Sulfate is 

dominated by the fine particle fraction, occurring primarily in size 

class B during W1, 4, 7 but prirnarl’ly in sfse class 4 during the 

remainder o f  the periods. Lead i s  31so c1ear:y concentrated iri the 

smallest particle size mode fcr every sampling period except W5 when it 

occurs primarily in clhss 4. 

Despite these variations two sampling periods exhibit ii1terestir.g 

similaritfes in the particle size distribbtions of each element. 

During W5 $17 elements are Characterized by relatively low 

concentrations in the smallest size ciass (B ) ,  primary concentration 

peaks generally occuriing in the next larger size range (4). This 

period was characterized by relatively high humidities and the lsrgest 

amount and longest duration o f  rainfall occurring during the 10 

experiments (Table 3). 

particle contribution to the TSF load (11%). Particle scavenging by 

nucleation as well as particle growth b3 water vapor sorption and by 

The period also exhibited the lowest fine 

coagulation could cccount for the apparent upwards displacement in size 
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o f  the ‘fine particle mode. 

exhibited significant conceEtration peaks i n  size c l x s  3. This could 

In contrast during W7, all elements 

imply a strong influence of a nearby source of fine particle emissions, 

a surce close enough so that significznt particle growth and 

coagulation has not occlrrrzd by the tine the plume has reached the WBW 

area. As indicated in Tahle 3 this period was characterized by very 

JittJe precipitation arid by the highest wind frequency from the 

direction of the three loca7 coal fired power piants (65%). However, 

the wet period W5, discussed above, exhibited a similar wind pattern, 

having the second highest wird frequency (59%) from the direction of 

these 3 power plants. 

atmospheric moisture conditions may he a critical factor controlling 

This suggests that precipitation or general 

the size distribution o f  til o f  these elements during this period. 

This point will be considered in more detail in the following 
\ 

discussion. ?he lack o f  any other obvious generalization again 

suggests that several factors control the concentrations and size 

distributfons during any given period. These factors which include 

relative humidity, wind directfon, atmospheric stability, and 

precipitation conditions do not necessarily influence the concentration 

and size distributions o f  the various elements in a similar manner. 

This is apparent from Figwe 6. 

In a further attempt to determine the role o f  various meteorologic 

factors in control ling atmosphzric concentrations and size 

distributions, the data from Tables 3 and 5 were grouped by several 

classiflcations. For ease of comparison the data are also illustrated 

in Figure 10, whfch shows tne temporal variability in rainfall amounts, 

I 
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Fig. 10. Meteorological and atmospheric chemistry characteristics o f  
the ten experimental periods during the 1977 growing season. 
Illustrated are the daily precipitation volumes from 4/30 to 
10/30/77, the relative wind frequency during each 
experimental period from the direction of the local coal 
fired power plants (KSP = Kingston Power Plant; BRSP = Bull 
Run Power Plant and Y-12 Power Plant), the relative wind 
frequency from directions not directly influenced by the 
three local power plants  (other), and the to ta l  a i r  
concentrations and mass median diameters (MMD) of the 
available fraction of Cd, Mn, Pb, Zn, and sulfate during each 
experimental period. 
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wind direction frequency, and weekly elemental air concentrations and 

lup3D's. 

atmsopheric parameter, those exhibiting the highest values of a 

parameter (e.g., atmospheric stability), periods with moderate values, 

and periods with relatively low values. For each parameter this method 

resulted in well defined classes with little overlap in the mean 

values. 

duration in Table 4. 

concentrations and MMD's were determined for each element. 

The data were grouped generally into 3 classifications for each 

This technique was discussed earlier for rainfall amount and 

For each classification the mean total air 

Classification by atmospheric stability, precipitation amount and 

duration, and wind direction all resulted in apparent relationships 

with either MMD's or atmospheric concentrations. 

resulting in the most consistent trends in the elemental data was air 

stagnation. Table 8 sumnarizes the mean concentrations and MMD's for 3 

air stagnation classifications. These classifications are based on the 

frequency of the issuance of regional air dispersion statements and air 

The parameter 

stagnation alerts by the National Weather Service. 

are issued when both vertical stratification and horizontal dispersion 

o f  the atmosphere are such that particles and gases will tend to build 

up in concentrations in the atmosphere near ground level. Although it 

i s  difficult to determine significant differences with this limited 

These statements 

data set, several interesting trends are apparent. For the small 

particle, combustion source elements Pb and SO; there is a general 

decrease in atmospheric concentration as air stagnation decreases. 

This is the result of increased atmospheric dilution during the periods 

characterized by more efficient atmospheric mixing. Interestingly the 
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air stagnation conditions had little effect on the particle size 

distributions, as evidenced by the similar MMD's for Pb and SO; in 

each class. This supports the contention made earlier that both of 

these elements are dominated by similar source types, each 

characterized by a relatively narrow size distribution at the point of 

emission. The generaTly accepted sources of Pb and SO;, auto 

exhaust and fossil fuel combustion, conform to these size distributions 

(Lee et al., 1968; Gordon 1975). 

The behavior of Mn during these periods supports the hypothesis of 

a soil source. The air concentration increases sharply as air 

stagnation decreases while the MMD shows relatively little change. As 

air stagnation decreases the chances for resuspension o f  surface dusts 

rapidly increase due to generally increasing horizontal _- wind speeds and 

increased vertical dispersion (Slade, 1968). The fact that the MMD 

shows little change reflects the importance o f  the soil source o f  Mn 

under varying degrees o f  atmospheric stability. Although Cd and Zn are 

both characterized by biomodal size distributions, they behaved 

differently with respect to air stagnation conditions. This difference 

provides some evidence of the relative importance of the small and 

large particle sources for each element. The concentration o f  Cd 

decreases as air stagnation decreases implying a somewhat greater 

importance of the small particle source. As expected there is a trend 

of increasing MMD's for Cd as air stagnation decreases and as large 

particle material is more efficiently mixed into the atmosphere. Zinc, 

on the other hand shows a slight increase in both concentration and MMD 

as air stagnation decreases. (Note: the Zn concentration data is 
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somewhat di.fficu1t to interpret because of the order of mangitude 

higher air concentration measured during W9. 

data for W9'was eliminated. Study of the meteorological and general 

air quality parmeters characterizing W9 revealed no apparent reason 

for the high concentrations measured by both the total filter collector 

and the Anderson impactor. 

through the laboratory leaching procedure at the same time, 

contaminatfon i s  a possibility). 

MMD's with respect to air stagnation implies that the large particle 

source may be stmewhat more important relative to the small particle 

For these comparisons the 

Since both o f  these samples were carried 

The behavior of Zn concentrations and 

source over a long time period. 

classification of the data according to air stagnation were also 

manifested when the data was classified by atmospheric stability 

frequencies and mean daily wind speed for each period. 

In general the trends revealed by 

Althougb variations in precipitation duration and amount did 

correlate with m e  other regional meteorological and air quality 

parameters, no general relationships were noted between rain 

characteristics and elemental concentrations. 

was characterized by relatively lower air concentrations than the other 

The wettest per-iod, W5, 

periods (Table 51, but period W11, similar in rainfall amount and 

duration to W5, exhibited considerably higher concentrations. The 

expected general decrease in elemental air concentrations during heavy 

precipitation periods was seen only marginally for Cd, there being no 

consistent trends for the other elements. 

efficiencies, discussed in more detail in Chapter V, are highest for 

Precipitation scavenging 

very small and very large particles. Thus, rainfall effects on the air 
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concentrations o f  

likely that these 

Mn, Pb, and SO; were expected. However, it is 

effects were not seen because of the relatively low 

time resolution of our sampling ( ~ 1 0  times longer than the-duration o f  

the precipitation events). 

recently reported decreased sulfate concentrations during a snowfall 

when time sequence samples were collected prior to, during, and 

following the event. 

Far example, Lawson and Winchester (1978) 

Despite the failure to identify consistent air concentration 

trends with increasing precipitation amounts there were some 

interesting effects on MMD. 

general increase in MMD as quantity and duration o f  precipitation 

during a period increased. 

larger particles in the atmosphere, implying relatively efficient 

nucleation scavenging o f  small particles and enhanced particle growth 

and coagulation. The role of impaction scavenging in the removal o f  

large particles was only weakly reflected by a slight decrease in the 

MMD for Mn as rainfall amount increased. The data presented by Lawson 

and Winchester (1978) did not address the effect of the snowfan on 

particle size ‘distributions . 

Except f o r  Mn, all elements exhibited a 

Thus wet conditions resulted in somewhat 

The indication that general atmospheric moisture status has an 
influence on particle size distribution was not unexpected. 

o f  aerosols by hydration is well known (Junge, 1963). 

(1971) reported that the occurrence of nocturnal f o g  was correlated 

with a measurable decrease in the concentrations of several elements, 

likely by increased settling during particle growth. To investigate 

this effect in more detail correlation coefficients were calculated for 

The growth 

Rahn et al. 
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the relationships between the fraction of the total concentration of 

each element in the smallest size class ( B )  and the general atmospheric 

moisture status during each experimental period. 

moisture condition was previously estimated by the precipitation amount 

and duration during each sample period (Table 3). 

The atmospheric 

A more accurate 

measure is that provided by the atmospheric water vapor saturation as 

manifested by the occurrence of radiative f o g s .  

sensing device was constructed to monitor the degree of leaf wetness as 

a measure of particle retention efficiency during the deposition 

experiments (Chapter IV). 

precipitation wetness, it was necessary to correct the "wetness 

duration" measurements to reflect only fog. 

the continuous wetness record with simultaneously collected wet and dry 

bulb-readings and with the continuous record of precipitat.ion duration 

determined with both weighing and tipping bucket rain gauges. 

A surface wetness 

Since the wet sensor records fog, dew and 

This was done by matching 

Since 

the shape of the wet sensor trace was indicative of the source o f  the 

induced wetness, only periods following the end of active precipitation 

needed to be corrected. If wetness was recorded, the wet/dry bulb 

temperatures indicated water vapor saturation, and active precipitation 

was no longer occurring, the conditions were assumed to indicate 

atmospheric water vapor saturation. The duration o f  these conditions, 

expressed as the percent o f  the total sampling period were taken as a 

general indication of the atmospheric moisture status during the 

period. The indicated periods of atmospheric saturation were in 

excellent agreement with regional radiative fogs recorded by personal 
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significantly correlated w i t h  mean relative humidi ty  (Table 3 ) .  

The vzlues o f  &nospheric moisture status and the relative 

In addition atmospheric saturation frequency was 

elemental concentrations i n  the backup f i l t e r  size class ( B  - also 

termed "fine': par t ic le  size range) are su:marized i n  Table 9. Also  

shown are the correlat im coefficients between these two variables. 

There is a consistent negative correlation between atmospheric 

saturation and f ine particle relative concentrations indicating a 

general decrease i n  the fraction o f  an clement i n  the f ine particle 

size class (<  % 0.5 win) as duration of atmosphwic saturation 

increases. 

only for Pb and SO;, the twcj  elements w i t h  the highest relative 

concentration i n  the fine partjcle range. 

for SO; i s  i n  Figure 11. 

decrease f n  the contribution of fine particles to the to ta l  SO; 

concentration as frequency of atmospheric , saturation increases, 

reaching an apparent asymptote a t  Q 25%. T h i s  cogld suggest a 

The correlation coefficients were s t a t i s t i ca l ly  significant 

A p j G t  o f  this relationship - 
The data define a relative7y smooth 

_- 

kinetically contro?led par t ic le  p w t h  mechanism where the rate 

determining step is not necsssarily the physical growth rate o f  the 

particles b u t  the rate o f  silpp7y t o  the atmosphere of parent ( <  3.5 vm) 
material. 

exceeded that of par i ic le  growtb and ccaylat ion under h i g h  moirt ure 

conditions leading t o  w h a t  appears t o  be a constant minimum fine 

partic12 contribution t o  the SO; load. 

sPeculative w i t h o u t  further data, i t  fs  interesting hypothecis 

Thus i n  this case, the rate o f  f ine particle formation 

Al though this is 
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Table 9.  Correlations betwen atmcspheric water vapor saturat ion and the fract ion 
of the total  a i r  concentration of each element collected on the backup 
f i  1 t e r  4411111; 

Atmospheric 
water vmor Relative elemental concentration 

i n  backup f i l t e r  s i z e  c lassa  6 sa tura t S  i 
f r e  bency e d  Pb 9%) (%I 

Period 

w1 3 
w2 10 

w4 1 
w5 55 
W6 4G 
w7 6 
w9 - 17 
W1’ 67 
w12 lei 
Correi a ti on coeffi ci  ents‘ 

w3 a 

12 
41 
41 
53 
10 
28 
55 
16 
16 
12 

-0.53 

11 
16 
31 
8 
3 
7 

23 - 
9 
5 
6 

-0.55 

67 
53 
49 
66 
29 
53 
33 
65 
43 
55 

-*0.71* 

34 
66 
32 
31 
19 

44 / 

39 
18 
22 
48 

-0.40 

70 
40 
40 
70 
18 
28 
51 
37 
23 
44 

-3.82** 

aExyressed as: 

bExpressed as percent of to ta l  sampling period during which saturated condi- 

‘For the relationship between saturation frequency and re la t ive  concentration 

[ a i r  concentration on backup f i l ter  / to ta l  a i r  
concentration] 100. 

t ions occurred. 

i n  the backup f i l t e r  size c lass ;  * = !P<0.05), ** = (P<O.Ol). 
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0 

I I I 1 
M 25.0 a0 75.0 iM0 

ATMOSPHERIC SATURATION FREQUENCY-% 

Fig. 11. Relationship between the fraction of the to ta l  aerosol 
sulfate collected on the backup f i l t e r  (fine particle 
sulfate) and the atmospheric water vapor saturation 
frequency. Saturation frequency is the relative duration of 
saturated atmospheric conditions during a given experimental 
per i od . 
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concerning mechanisms control l i n g  particle size d is t r ibu t ions  and, 

hence, atmospheric residence times. 

One aspect of this re l t t imship  which should be noted is its 

similari ty t o  a relationship previously presented by Mezaros (1968). 

Mezaros s tudied  the correlation between the relative contribution o f  

water soluble SO; particles i n  the Aitken size range t o  the total  

sulfate  a i r  concentration and refative numidity. The p l o t  of these 

variables was very siinilar to  Figure 11. 

inverse relationship was a strong indication that SO; particles 

were hygroscopic i n  cattire, increasing i n  size ou t  of the Aitken range 

The author suggested that the 

by hydration as relative humidi ty  increased. T h i s  conclusion is 

supported by our determination t h a t  essentially a l l  of the sulfate i n  

atmospheric particles is recidily water soluble. The relationship 

between this aspect o f  particle chemistry and atmospheric conditims i s  

the subject of a following section. 

i s  the assumption that the Anderson cascade impactor is able t o  

separate particles eff ic ient ly  into several size ranges based on 

aerodynamic diameters regardless af atmospheric conditions. . There has 

been and contfnues t o  be considerable debate on this sl;bject (Hu, 1971; 

Implicit i n  the above d i s t x s s i o n  

Dzubay e t  al., 1976; Wedding e t  al., 1377). If the impactors are 

subject to severe particle bounce and wall losses one m i g h t  expect 

these problems t o  be niinimized when sampling a relatively Ilwet" aerosol 

(Winkler, 1974). If this is the case, sampling dur ing  wet periods 

might lead to  better upper stage retention, less par t ic le  bounce to  

lower stages, and better meral'l size separation t h u s  resulting i n  an 

apparently larger MMD dur ing  the wet period. However par t ic le  growth 
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during wet periods is a well known phenomenon (Junge, 1963) which could 

explain these same observations. Without further laboratory and wind 

tunnel studies, such is those by Winkler (1974) and Dzubay et al. 

(19761, this problem will remain unresolved. 

As discussed earlier, these experimental periods can also be 

characterized according to frequency of winds from the direction of the 

TVA Kingston coal fired power plant (% 20 km SW), the TVA Bull Run 

plant (Q 14 km NE), and the DOE Y12 Plant (% 2 km NE), and from all 

other directions [see Table 3). The 10 periods were grouped into 

classes of high, medium, and low frequency of winds from each of these 

directions. 

local sources on air concentrations. 

Unexpectedly there was no clear influence of the three 

In fact, when grouped according 

to frequency of winds from directions other than the local coal fired 

generating stations, the air concentrations o f  Cd, Pb, Zn, and SO: 

increased as the frequency o f  "other" direction winds increased. There 

was little effect on Mn concentrations as expected for a predominantly 

soil dust associated element. Classification by wind direction did not 

result in any clear trends in the elemental MMD's, although it did have 

an influence on the overall TSP MMD, as discussed earlier. This was 

surprising for the bimodally distributed elements Cd and Zn. 

large fraction o f  the fine particle mode for these elements is expected 

to have a combustion source, a high frequency of winds from the 

Since a 

direction o f  the local power plants might be expected to result in a 

downward shift in the HMO's. The lack o f  any apparent influence of 

wind direction on elemental MMD's coupled with the unexpected influence 

of wind direction on concentrations, discussed above, implicates the 
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more distant sources (as manifested by regional air quality) as 

influencing atmospheric concentrations and size distributions over 

WBW. 

earlier multieTement study of aerosols in WBW (Andren and Lindberg, 

This hypothesis is i n  general agreement with the results of an 

1977). 

al., 1972; Friedlander, 1973; Gatz, 1975) was used to estimate the 

local coal combustion contribution to the aerosol composition in WBW. 

The model accounted for < 1% of the Cd and Pb, 2% o f  the Mn, and 12% of 

A model based on a chemical mass balance approach (Miller et 

the Zn as artsjng from local coal-fired generating plants. 

calculations indicated that, for the period July, 1974, no more than 5% 

o f  the aerosol load in WBW could have been attributed to local coal 

combustion, A similar conclusion was drawn by Gordon et al. (1975) in 

their studr'es at the Chalk Point Generating Station. 

that for most species the concentrations measured upwind and downwind 

of the plant were the same. 

The 

, 

The authors found 

It was assumed that much of the "coal 

component" of the aerosol chemistry was probably transported long 

distances and was not the result of local emissions. 

Briefly summarizing the above observations leads to several 

interesting concTusions: 

not reflect a significant influence of local coal combustion, being 

more similar to concentrations measured at remote and rural locations 

than at urban or industrialized areas, (2) increasing precipitation 

volume and duration bas the effect of increasing the MMD's of Cd, Pb, 

(1) elemental air concentrations at -WBW do 

Zn; and SO; while decreasing that of Mn, (3) as regional air 

stagnation increases, the concentrations o f  Cd, Pb, Zn, and S O i  
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increase, while Mn decreases, (4) elemental size distribution and 

concentrations and the manner in which they are influenced by various 

atmospheric parameters suggest a soil source for Mn, secondary 

atmospheric particle and combustion sources for Pb and SO;, and 

both small particle combustion and large particle dispersion sources 

for Cd and Zn, and (5) the lack of any apparent wind direction effects 

on MMD and the slight increase in concentrations with winds from "other 

than local source" directions suggests that atmospheric chemistry over 

WBW is more likely the result o f  regional air transport phenomena 

rather than the direct result of local source emissions. 

The Water SolubTe Nature of  Aerosol Associated Trace Metals 

General Considerations 

The water solubility o f  atmospheric particles has apparently been 

infrequently studied. Yet the property has been regarded as an 

important characteristic related to physic21 growth, nucleation 
- 

efficiency, and atmospheric residence times o f  aerosols. As seen in 

the previous discussion there i s  evidence for particle growth of 

aerosol associated SO; and Pb in the fine particle size range 

(size class B).. 

degree of water solubility o f  these elements. 

It is possible that this phenomenon is related to the 

This has been suggested 

by Meszaros (1968) in a study o f  the size distributions o f  water 

soluble SO;, N t i i ,  and Cl- in the atmosphere. Part of the 

intent of this discussion will be to determine the relationship between 

aerosol solubility and particle size. 

chemical aspects of the suspended particles, water solubility is a lso  

In addition to physical and 
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related t o  the efficiency of aerosol capture and retention during 

sedimentation and impaction processes (Winkler, 1974; see also the 

review by Hosker and Lindberg, 1979) and is thus o f  interest as related 

to mechanisms of dry deposition. 

elements associated with submicrometer particles has received 

considerable attention (but little study) from the standpoint o f  human 

health effects. 

expected to be potentially more hazardous than elements bound within 

the aerosol matrix in an insoluble or unavailable form (Morrow, 1972). 

Finally the solubility o f  certain 

Elements which are highly soluble in lung fluids are 

. Particle solubility has also been suggested as an important 

characteristic affecting lung deposition and retention of aerosols 

(Desadal i er and Ninchester, 1975) 

A considerable quantity of the metals studied in air particulates 

collected in WBW were soluble in the water-aerosol leachate. Before 

considering the data in detail some further discussion regarding the 

laboratory procedures is necessary. 

solution is termed the water-aerosol leachate above for an important 

- 

The distilled water leaching 

reason. It is obviously not possible to extract any sample as complex 

and heterogeneous as a natural mixture of ambient aerosols without 

significantly altering the initial leaching solution chemistry. 

most importance from the standpoint o f  trace metal leaching would be 

the simultaneous leaching of strong acid anions, dissolved organic 

Of 

matter, and free hydrogen ion. 

characteristics of the initial 2XDW leaching solution and the resultant 

distilled water aerosol leachate. It is obvious that there are 

substantial changes in the concentrations o f  these components. 

Table 10 summarizes typical 

The 
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extent t o  which these materials influence the extraction of metals from 

t h e  aerosol is unknown. 

metal-organic complexes may form during the extraction, t h u s  increasing 

the apparent solubili ty of the metals i n  question. 

exchange w i t h  surface sorbed metals or react w i t h  surficial  metal 

Metal sa l t s  o f  strong acid anions or 

Similarly H+ may 

oxides t o  increase apparent solubili t ies.  

i n  t h i s  type o f  extraction t h a t  a quasi-equilibrium i s  reached (see 

The assumption must be made 

Figure 2) ,  a s i tua t ion  approaching t h a t  occurring under natural 

conditions. 

measured i n  the aerosol-water leachate are very similar t o  typical 

precipitation concentrations i n  t h i s  area. 

Interestingly the highest major eternent concentrations 

._ 

The second point which must be considered is the meaning of the 

term relat ive solubili ty (RS). 

water and dilute acid extraction procedures do not result  i n  complete 

recovery of the total metal or iginal ly  present. Thus when the 

As discussed earlier the dis t i l led 

solubi l i ty  is expressed i n  relative terms (RS = water soluble 

concentration 10 /available concentration) t h i s  value may i n  some 

cases overestimate the solubili ty defined i n  more conventional 
2 -  water-solubility terms (WS = water soluble concentration 10 / to ta l  

metal originally present). When internal consistency i s  maintained 

comparisons are v a l i d  w i t h i n  the sample set. 

2 

However, for the purpose 

of external comparability, the samples which were addi t ional ly  

sub jec t ed  t o  the " to ta l"  wet digestion procedure, as previously 

discussed i n  reference to  Table 1, can be used t o  compare the water 

leachable to  available metal ratios (RS) w i t h  the water leachable t o  

total metal ratios (WS). These data are summarized i n  Table 11 for one 



Table 11. Ccmparison of t race  metal so lub i l i t i e s  i n  aeroscls and f l y  ash 
expressed i n  Perms of r e l a t ive  so lubi l i ty  (RS) and water-solubility (US) 

Sample Cd Mn Pb Zn 

Aerosol sa 
i n  size 
c lass  : - RSb 

1 77 
. 2  83 

3 77 
4 56 
B 79 

Stack ashd 32 

1 
2 
3 
4 
B 

Stack ash 

- WSC 
ti4 
59 
55 
43 
79 

6 

Cd 
1.2 
1.4 
1.4 
1.3 
1 .o 
5.3 

- 

- ws - RS ws RS 

68 55 22 4.3 
75 68 13 2.4 
75 61 39 7.7 
91 76 76 19 
86 .86 77 64 

51 18 i o  1.2 

_. 

kS/WS Ratios 
Pb 

' 1.2 5.1 
1.1 5.5 
1.2 5.1 
1.2 4 .O 
1.0 1.2 

- Hn - 

2.8 a .3 

ws RS 
0 0 

97 54 
71 11 
97 65 
96 65 

0 0 

- - 

Z?l 

1.8 
6.5 
9.7 
1.5 

- .. 

- 

a 

bRS = (water soluble metal/available metai) *(loo) = r e l a t ive  so lubi? i ty .  

$5 = (water soluble metal/tataJ metal) -(100) = water-solubility. 

d"Fly" ash col lected i n  the stack of a large-scale coal-fired power plant. 

Aerosol s coll  ected dur ing  W7. 

s i  
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set of aeroso? sam?les and otie se t  o f  stack ash samples collected at  a 

nearby coal f ired generatjpg station. 

the WS i n  nearly every case. 

approximation of the WS f o r  b o t h  Mn and Cd i n  a l l  particle size 

classes. The solubi l i t ies  of Pb and Zn i n  the larger size classes are 

overestimated by f a c t o r s  of 2 t o  10 by the RS. 

solubi l i t ies  we best estimated by the relative so lubi l i ty  term for a l l  

elements i n  the backup f i l t e r  s ize  c7ass. 

the stack ash samples were overestimated t o  the greatest extent using 

the RS term, by factors of 3 Lo 8. Whsn t h e  samples are considered i n  

terms of their  particle size, there i s  a relationship between size and 

RS/WS ratios such t h a t  the largest particles ,*eflect the highest 

As expected the RS overestimates 

However, the RS is a reasonable 

Conventional 

The netal solubi l i t ies  i n  

ratios.  The possible relationsh$p between elemental solubili ty and 

part ic le  si te will be further considered as this  discussicn continues. 

Relative Solubility of Metals f n  Ambient Aerosols 

The a i r  concentrations arid relative solubi l i t ies  measured for the 

. to ta l  aerosol fractions over the 10 week sampling period are sumnarized 

i n  Table 12. Substantial amounts of each o f  the available metal 

fractions are leachable i n  DW. 

solubili ty o f  the metals followed by Mn, Cd, and Pb. A l l  indications 

are that  essentially 100% of ths available S3; is water soluble as 

would be expected given the generally accepted hypotheses that  aerosol 

sulfate exists ldrgely as {NH4)2SOi and acid sulfate 

(Mesraros, 1968; Weiss e t  al., 1977). 

metal solubi l i t ies  ( I n  > Nn 

Zinc exhibited the largest relative 

‘ihe pattern of relative trace 

Cd > Pb) is sirnilay t o  the general order 

! 
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Table 12. Air conceritrations and relative :olubilities o f  the disti l led 
water leachable fractioris o f  the total aerosol 

- 
.. Parameter Element X (T Range 

Air concentration Cd 0.14 0.08 0.04-. 25 
Mn of water-1 eachab 1 e 

f rac tpn 
(ng/m 1 Pb 

8.6 
84 .O 

3.8 
34 

1 .?-I? 
43-140 

Zn E.9 11 2.5-30a 

so; (pg/m3) 8 .9  4 . 0  5.1 -18 

Relative 
solubility 
(%) - 

Cd 
MtI 

Pb 

82 14 47-31 
83 6 70-92 
16 10 55-88 

Zn 89 6 74-95 
so: %: 00 1 98-1 00 

_- 
aZn concentrations f a r  W9 were not included (see text). 

i 

i 
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of the solubili t ies of the most probable sa l t s  of these elements 

occurring i n  airborne particles (i.e., SO:, NO;, and Cl- 

salts; Dams e t  a1 ., 1975). 

the elemental relative solubi l i t ies  is not geochemically unusual,  the 

indication that  Pb exhibits a similar relative solubility t o  the other 

elements is surprising. 

soluble sa l t s  of Pb are believed to account for only a few percent o f  

the Pb i n  aged aerosol. 

the Pb i n  an aerosol sample collected a t  a rural location as oxides, 

carbonates, and oxycarbonates, a l l  of which are less soluble than the 

strong acid anion sa l t s  of Pb. The reported chemical solubili t ies of 

the possible occurring Pb s a l t s  are 5 t o  10 times lower t h a n  those for 

Cd, Mn, and Zn. 

Although the general relationships between 

T h i s  is particularly true since the more 

Ter Haar and Bayard (1971) identified Q, 77% o f  

Unfortunately, there are no l i terature values with which the 

results i n  Table 12 are directly comparable. 

factor to these values to  account for the difference between relatfve 

and conventional solubili ty (Table 11) these results may be compared 

w i t h  recent studies by Hodge et  al. (1978) and Eisenbud and Kneip 

(1975). 

However by applying a 

The normalization factors were determined by calculating a 

mass weighted mean RS/WS r a t i o  from the data i n  Table I1 and the 

average relative concentrations o f  each element i n  the five size 

classes (Table 5). These factors were as follows: 



77 

?he resulting water-solubilities were as follows: 

Mn (75%) > Cd (68%) > Pb (28%) > Zn (19%). 

?he aerosol leaching studies by Hodge et al. (1978) involved a 

water extraction step similar to that used in the present study but 

followed by a wet digestion involving an HN03 - HC104 extraction 
followed by HC1 - HF digestion o f  the residue. The values are thus 

expressed in water-solubility terms, 

Institute and at Ensenoda, Mexico. The mean water soluble element 

concentrations at Scripps Pier were (in ng/m ): 

Mn = 5.2, Cd = 0.21, while those at the remote coastal site in Ensenada 

were: 

Samples were collected at Scripps 

- 
3 Pb = 220, Zn = 17, 

Pb = 20, Mn = 16, Zn = 4.4, Cd = 0.16. The water soluble - 
concentrations measured at WBW (Table 12), when compared to the above 

support the earlier indication that atmospheric trace metal levels are 

generally in line with those measured in rural or remote areas. 

concentrations of soluble Pb, Mn, and Zn are between the two mean 

values reported by Hodge et al. while Cd is somewhat lower than both. 

The 

?he means and ranges in aerosol elemental solubilities reported for the 

Scripps Pier station were as follows: Cd 84% (69-91%); Zn 68% 

(44-82%); Mn 47% (32-54%); and Pb 39% (1744%). The solubilities at 

the Ensenada station were generally lower, averaging 80% (63-90) for 



78 

Cd, 35% (23-58) for Mn, 24% (10-60) for Zn, and 17% (6-29) for Pb. 

is spparent that  there are considerable differences i n  the solubildties 

betweon the marine aerosols collected by Hodge e t  al. and the 

continental aerosols collected over WBW, although the soluble aerosol 

concentrations are similar. 

I t  

Eisenbtid and Kneip (1975) recently reported the results o f  similar 

leaching experiments on aerosols collected i n  New York City. 

aerosol f i l ters were extracted w i t h  hot d is t i l led water for 24 hrs i n  a 

The 
- 

Soxhlett apparatus followed by a HK03 - HC104 digest of the 

,- residue; as such the repcrted soiubili t ies are directly comparable t o  

the water solubi l i t ies  reported here and by Hodge e t  al. 

of these extractions an several samples collected over a 2 year period 

indicate the following order o f  water-solubilities (means and ranger,) : 

Cd 85% (68-100); Zn 64% (42-100;; Mn 62% (55-68); Pb 9.4% (5-13). 

again both the measured solubi l i t ies  and their  relative ranking are 

different from those measured at  WBW. Both the marine aerosols 

collected by Hodge et al. a.nd the wban aerosol collected by Eiserrbtid 

The resu 

Once 

and Kneip showed Cd to  be considerably more soluble (4 85%) t h a n  the 

next most soluble metal Zn (4 65%), followed closely by Mn (.u 55%) 

which was considerably more soluble than Pb (4 10-4C%). However i t  is 

apparent from the ranges reported for each element that  tliere is 

, considerable variabil i ty at  each site. With the exception of Mc, the 

solubi l i ty  ranges of the marine and urban aerosols encompass the values 

measured at  WBW. 

determined for only one set  of WBW aerosols, these differences are not 

Since the water-solubilities values were originally 

surprisfng. 



The considerably higher apparent solubility of Mn in WBW aerosols 

suggests both a source and particle size effect. Although the 

solubility data was not discussed in any detail by Hodge et al., 

Eisenbud and Kneip did speculate that the considerable range in Zn 

solubilities reflected variable sources over the 2 year study period. 

Because of the indication from the data in Table 11 that solubility, 

expressed in both relative and water-solubility terms, may be a 

function of particle size, it is possible that the differences between 

the water-solubilities of aerosols in WBW and those collected elsewhere 

are simply related to differences in particle size distributions. Size 

distributions were not measured by Hodge et al., nor were solubilities 

o f  various particle size ranges reported by Eisenbud and Kneip. 

latter authors did, however, discuss size distributions for a limited 

number of samples for Mn, Pb, and Zn. The relative concentrations o f  

these three elements were determined for the following size ranges: 

> 4 prn, 2.5-4 run, 1.5-2.5 1~m, 0.5-1.5 m, and < 0.5 urn, which roughly 

The 

correspond to the size classes 1, 2, 3, 4, and B, respectively, as 

reported here. 

were grouped by size classes 4 and E (< Q 1.5 pn) and classes 1, 2, and 

3 (> Q 1.5 m), for both sets of samples. The results for the relative 

concentration of each metal in the < 1.5 rn size range are as follows: 

To simplify comparison, the relative concentrations 

urban: Mn 16%, Pb 47%, Zn 27% 

WBW: Mn 30%, Pb 82%, Zn 62% 

Both Mn and Pb in WBW had considerably higher small particle fractions 

compared to the urban aerosols. This observation and the indication 
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that solubility incregses for these two elements as particle size 

decreases (Table 11) could explain the higher Pb and Mn solubilities 

measured for the WBW aersols. 

solubility of Zn in E18W aerosols for which a higher proportion also 

occurred in the small particle size range. The difference in Zn may be 

more strongly related to differences in the sources of both submicron 

and supermicron Zn containing particles. 

WBW area is a Zn mining and milling facility which may release large 

quantities of highly insoluble ZnS dust. 

However, this does not explain the lower 

One possible In source in the 

The relationships between particle size and relative solubility in 

the WBW aerosols are illustrated in Figure 12, showing the mean RS o f  

each particle size class and its associated standard deviation. As 

originally noted in Table 11 there i s  a trend of decreasing relative 

solubilities with increasing particle size as well as an increase in 

the variance o f  the data as particle size increases. 

not appear to be related to the particle size distribution of the 

specific elements since similar patterns in RS occur for Mn, Pb, and 

Zn, which exhibit a monomodal large particle sire distribution, a 

monomodal small particle size distribution, and a bimodal size 

distribution, respectively. However, in the case of Cd, the RS does 

behave similarly to the concentration of Cd, showing a bimodal 

distribution with a lower solubility for the material in size class 3. 

Because o f  the large degree of variability in the solubilities for each 

size class, it is tenuous to generalize without seeing the individual 

This trend does 

distributions o f  RS for each sampling period, which are summarized in 

Figure 13. The decrease in RS with increasing particle size is most 
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Fig. 12. Relationship between relative solubility (RS = water soluble 
concentration 9 100/available element concentration) and 
particle size class. Mean values for the ten experimental 
periods are plotted with associated standard deviations. 
Aerodynamic diameters range from B, <F\, 0.44 urn to 1, 
m 7.2 urn. 
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Fig. 13. Relative solubility (RS) o f  trace elements in five particle 
s-ize classes for the ten Pxperimental periods. The sca!e on 
the ordinate :'s RS in percent while the dbscissa represents 
aerodynamic diameters rangin9 from B, <nJ 0.41um to 1, 

>?r 7.2 urn. 
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pronounced and consistent in the case of Pb, strongly suggesting two 

different sources of aerosol Pb, characterized by both particle size 

and water solubility. 

increases except for periods W4 and bI5. 

Manganese also decreases in RS as particle size 

Cadmium generally shows a 

minimum solubility in the middle o f  the size range with the exception 

of W9 and W11. The most striking feature of the RS distributions for 

Zn is the large degree o f  variability in the solubility o f  Zn 

associated with the large particle fraction. 

essentially 0% ( ~ 3 ,  ~ 7 )  to nearly 100% ( ~ 2 ,  WS), again suggesting 

considerably different large particle sources, dominant during 

different periods. 

These values range from 

The general trend of higher elemental solubilities associated with 

smaller particles may be explained by three possible phenomena: 

basic “difference in the chemistry of the source material contributing 

to each size fraction; (2) the greater surface area to volume ratio o f  

(1) a 

smaller particles and the previously discussed surface predominance and 

elevated concentrations of -metals on small particles, thus effectively 

increasing the relative availability o f  certain elements (this 

hypothesis should also consider the more effective atmospheric 

hydration of small particles), and (3) the increase in the water 

leachable free H and strong acid anion component with a decrease in 

particle size (Table 10). 

of the three factors, in addition to other, more subtle, phenomenon. 

The latter two phenomena are probably related since much o f  the small 

particle fraction is composed of secondary aerosols, originating from 

gas/particle reactions in the atmosphere. These particles are the 

+ 

The most likely explanation is a combination 
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primary source of neutral sulfates (highly soluble as parent aerosols) 

and acid sulfates {the obvious source of the free hydrogen ions) in the 

atmosphere (Cunningham and Johnson, 1976). The phenomenon of increased 

water solubility of atmospheric particles with decreasing particle size 

was previously reported by Meszaros (1968) who found the major fraction 

of airborne water soluble particles in the size range of 

0.1 pm < r 20.3 m. 
in the Aitken size range was 0.2 while the ratio in the larger ranges 

was 0.07 - 0.08. 

The ratio of total soluble to insoluble material 

Some evidence for the possible importance of the three factors 

above may be extracted from an examination of the temporal variations 

in the elemental solubilities in the total aerosol fraction and the 

distribution of elemental solubilities with particle size over the 

10-week sampling period. Figure 13 indicates that the only period 

characterized by a similar distribution in the relative solubilities 

with particle size for all elements was W9. Each element showed 

relatively little effect of particle size on solubility and each 

element exhibited the highest relative solubility measured during the 

10 sampling periods. The general atmospheric characteristics of W9 do 

not completely distinguish this period from any other (Table 3), there 

being other periods with similar wind patterns, relative humidities, 

ahd precipitation amount. However combining the precipitation volume 

and duration to calculate the rain intensity (volume/duration) does 

indicate this period to be characterized by the lowest intensity, long 

duration rain measured. Aerosol hydration during such events is likely 

and could result in increased relative solubilities. 
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Fig. 14. Relationship between the relative solubility o f  Pb i n  the 
total aerosol fraction and atmospheric water vapor saturation 
frequency. 
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Table 13. Mean relative so lub i l i t i e s  of trace metals i n  aerosols dur ing  
experimental periods divided into three classes of atmospheric 
water-vapor saturation frequency 

Saturation Ex pe r i menta 1 Relative solubili ty 
f r e  uency per i ods Cd Mn Pb Ln 

9%) Total aerosol fraction 
Class 

1 
2 
3 

1 
2 
3 

1 
2 
3 

54 
14 
4 

54 
14 
4 

54 
14 
4 

5, 9, 11 
2, 6, 12 
1, 3 s  4, 7 

5, 9, 11 
2, 6, 12 
1, 3, 4,  7 

5, 9, 11 

1, 3, 4, 7 
2, 6, 12 

88 85 87 94 
85 81 76 84 
73 82 67 90 

Backup f i l t e r  aerosol fractiona 
91 94 96 94 
89 91 81 84 
88 89 81 87 

Size class 1 aerosol fraction 
80 85 46 85 
83 66 36 66 
73 71 1 1  31 

b 

‘Size class B, aerodynamic diameter ~ 4 . 4 4 ~ .  
b Aerodynamic diameter h7.2pm. 
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conditions. Although there is considerable scatter in the solubility 

data (Figure 13), the relative solubilities generally decrease with 

decreasing atmospherjc saturation frequency for Cd and Mn in the total 

aerosol and size class B fractions, Pb in a l l  fractions, while the 

trend is best defined for Zn in the largest particle size fraction. 

An examination of the relative solubilities for the total aerosol 

fraction in the context o f  the other atmospheric conditions discussed 

previously ( prec i p i t at i on amount, air stagnation , atmospheric 
stability, wind direction) revealed very few clear trends. 

Solubilities generally increased as precipitation amount and duration 

increased but not as consistently as the increase with atmospheric 

water vapor saturation frequency, although the two are necessarily 

related. No clear, consistent relationships between relative 

solubility and atmospheric stability or air stagnation were apparent. 

There was also no apparent dependence of relative solubility on wind 

direction. 

increased concentration o f  material below the mixed layer under poor 

dispersion conditions nor the resuspension of surface dusts during 

periods of strong vertical mixing. 

Solubility thus does not appear to be influenced by the 

Similarly the solubilities do not 

appear to be strongly influenced by emissions from the three local 

coal-fired generating plants. When wind directions were grouped 

according to frequency from the local source quadrants, the mean 

solubility of each element during the periods of high frequency winds 

from the local sources was similar to the solubility during periods of 

very low frequency winds from these sources. 



Combustion Plume Aemsol Solubility Experiments 

Based on the relative solubi l i t ies  of stack ash sumnarized i n  

Table 11 one might  expect a decrease i n  solubi l i t ies  during periods 

w i t h  z! high frequency of "lcca? source" winds. 

solubilitiEs of Cd, En, and Pb i n  stack ash were 25 to  65% of the 

values measured for arnbimt aerosols, while the so lub i l i t y  of Zn i n  f l y  

ash was < 1% cornpaxd ta ntl 90% i n  the aerosol. 

The relat ive 

Tnis was not reflected 

i n  the ambient aerosol data col?ected dur ing  periods dominated by winds 

from the directions o f  %he local power plants, as described above. 

However, even though the characteristics o f  the ambient aerosol over 

WBH are reflective of regiotial rather than specific local sources, 

there is considerabls evidence f o r  the presence of "fly ash" i n  a l l  

ambient a i r  samples collected (see Chapter VI). A possible exp3anation 

for  this apparent contradiction comes from the work o f  Gordcn et  al .  

(1975) who made a similar observation durfng  stiidies on the so lubi l i ty  

of several elements associated w i t h  precipitator ash collected a t  the 

Chalk Point power plant. 

conclusion tha t  the ge;ieraI chemical nature of in-pll;me aerosols may be 

quite different from that of f l y  ash collected i n  tne precipitator. 

The authors suggested that  future studies concentrate on leaching 

Detailed in'-plant studies led t o  the 

experiments us ing  f ine suspended miterial collected on backup f i l t e r s  

following in-stack o,r plume impactor samples. A se t  of experiments was 

designed to investigate this phenomenon. 

A cooperative agreeniert between the Environmental Sciences 

Division and the Tennessee Va37ey Authority resulted i n  our 

participation i n  a series o f  in-plume sampling s t u d i s  under the 
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direction of J. Meagher 

part o f  a comprehensive 

sets of aerosol samples 

o f  the TVA Air Quality Branch. 

study o f  plume oxidation rates 

were collected in the plume o f  

This work was 

of SO2. Two 

a TVA 2600 Mw 

coal fired power plant with a stack height o f  305 m. 

made from a helicopter fitted with an intake probe, using a modified 

high flow Anderson cascade impactor as described earlier. 

Cullections were 

Samples were 

collected at altitudes ranging from 250 to 450 m at two distances from 

the stack. 

atmospheric conditions before the plume began to disperse and was still 

relatively well defined at distsnces o f  Q, 10 km. 

identified both visually and by continuous readout o f  SO2 and 

condensation nucleii data. Collectisns were made during horizontal 

passes perpendicular tG the wind in an attempt to sample s5rn-ilarIy aged 

aerosols. 

Collections progressed early in the morning under hazy 

The plume was 

/ 

Because of the difference in relatfve solubilities between ambient 

aerosols (containing f l j  ash) and fly ash collecte.! in the power plant 

stack, the two experimental runs were performed at, (1) a distance as 

close to the stack as possible (250 m), and (2) a distance on the orcier 

o f  that of the local power plants from WBW; the distance chosen was 7 km 

where the plume was still we?l defined). The purpose of cnoosing these 

two distances was to determine whzther large changes occurred ill the 

aerosol solubility during the period when the plume is subjected to the 

most rapidly varying ambient conditions. The stack gas exits the 

precipitator at Q 160°C but varies little in texperature during travel 

through the st&, exiting at Q, :35*C. 

change occurs during the initi;ll few winiltes o f  mixing with 

However the largest temperature 
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the ambient air, a time period comparable to a plume travel distance 

of 1 km. It is during this period that many condensation reactions 

or other gas - particle reactions may be occurring. Thus the sample at 

250 m should represent the in stack material as it begins to experience 

a series of condensation reactions. The 7 km sample should represent 

the plume material after it has reached ambient temperature and has 

mixed and interacted with the background aerosol to some extent. 

The total aerosol plume concentrations at the two distances were 

as follows: 

3 3 0.25 km- Cd 27 ng/m , Mn 47 ng/m 
Pb 820 ng/m 3 , Zn 990 ng/m3, and SO; 400 ,s/m3; 

Pb 290 ng/m3, Zn 270 ng/m3, SO; 115 pg/m 3 . 
3 3 7 km- Cd 8.2 ng/m , Mn 10.3 ng/m 

/’ 

- 
Comparing these concentrations with the mean aerosol concentrations in 

ambient air at WBW (Table 6) indicates that at 7 kin the elements 

previously considered as having possible significant coal combustion 

sources (Cd, Zn, SO;) are present at concentrations 10 to 50 times 

those in WBW, while the concentrations o f  elements considered to be 

derived primarily from other sources (Mn, Pb) are comparable to those 

af the ambient aerosol. 

- 

The particle size distributions of each 

element were as expected for direct emissions from a combustion source, 

the more volatile elements Cd, Pb, Zn, and S being strongly small 

particle associated while the possible matrix element, Mn was 

re7atively uniformJy distributed. 

geometric mass weighted mean diameters (GMWMD) were as follows: 

At the 0.25 km distance the 



These values are i n  close agreement w i t h  those presented by Whitby e t  

al. (1976) for the to ta l  aerosol geometric mean diameter (GMD) for 

plume samples collected a t  2 t o  4 km from the stack of a major coal 

f i red  plant (GMD = 0.20 k 0.01 ym). 

from 0.25 - 7.0 km there was an increase i n  the GMWMD for Cd t o  0.34 Pm 

while the GMWMD o f  the other elements d i d  not change significantly, An 

As the plume aged during travel 

c 

increase i n  the mean particle size would be expected from the work of 

Whitby et a l e  (1973). 

referred t o  as transient nuclei since they have short  half lives due t o  

rapid coagulation w i t h  each other and w i t h  larger particles. These 

Particles i n  the size range < 0.1 are 

particles tend t o  grm into the 0.1 - 2 urn range or the so called 

accumulation mode. 

al. (1976) i n  plume travel from 2 t o  4 km w i t h  no subsequent change 

A s l i g h t  increase i n  the GMD was seen by Whitby e t  

during travel from 4 to  18 km. There is no ready explanation for the 

large shift  i n  the Cd size d i s t r i b u t i o n  w i t h  no significant change i n  

the size distribution of Mn, Pb, Zn, or SO;. 

The results of the solubili ty experiments are i l lustrated i n  

Figure 15 which describes the relat ive solubili ty for each element i n  4 

particle size classes and i n  the total  aerosol fraction, and for 

comparison, the relat ive solubi l i t ies  measured for  stack ash and 

ambient aerosols. The relative solubili t ies for each element i n  the 

to ta l  aerosol fraction exhibit a similar trend w i t h  distance from the 

source. Taking the stack ash t o  represent the unaltered source 
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Fig. 15. Relative solubilities o f  aerosol-associated trace metals in 
the plume o f  a major coal fired generating plant at two 
distances from the stack, 0.25 km (---) and 7 km (-). 
Also shown for comparison are relative solubilities of the 
stack ash, the total (C) aerosol fraction in the plume 
( A  = 0.25 km, A = 7km), and ambient aerosols collected in 
Walker Branch Watershed ( X k a  ). 
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zerosol, each element increases in relative solubility with increasing 

distance, and hence plume aging and it; associated gas - particle 
interactions. The relative solubilities of Mn and Pb are similar but 

slightly higher- at the 0.25 kn! distance compared to the stack ash while 

the solubilities of Cd and Zn are considerably elevated above those of 

the stack ash. Plume travel from 0.25 to 7 km results in a similar 

increase in the total aerosol relative solubilities of each element, by 

factors of Q 2-3, The relative solubilities of Cd, Mn, and Zn at the 

7 km distance are within 1 rrof the values measured in WBW while that 

for Pb is a factor o f  Q 1.5 lower. Recall that coal combustion derived 

Pb apparently contributes only a minor fraction to the ambient air in 

WBW (Andren and Lindberg, 19771, 

It i s  difficuit t o  compare directly the variations in relative 

solubility with par tic?e size f o r  the plume samples with those measured 

in WBW because o f  the modifications made to the cascade impactor used 

ip the plume sampling. 

solubilities with decreasing particle size seen for the ambient 

However, the trend of increasing relative 

aerosols does not exist for the 0.25 km plume samples and is exhibited 

only marginally by Zn in the 7 km plume samples. 

that it i s  the smallest particle fraction which i s  the most reactive 

It is also apparent 

from the standpoint of relative solubility durjng plume aging, both 

because of the higher elemental concentraticns associated with this 

fraction and the large increase in relative solubilities from the 

0.25 km to 7 km saEples. In most ctses it is the increase in the 

relative solub?lity o f  the material in size class B which is 

respofisible for the overall increase in the relative solubility o f  the 
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total aerosol fraction. 

solubilities c f  the larger particle classes is difficillt to explain. 

One useful set of data wou'ld have been collection and solubility 

analysis of the stack ash by particle size to determine whether this 

"larger" material cxhfbfts high relative solubilities before leaving 

the stack. 

The origin of the initially high relative 

The tctal stack ash sample Ss characterized by low relative 

solubilities. However, because o f  the expected small contribution of 

larger particles to the total stack ash sample, these large particles 

'could have initially exhibited high relative solubilities as well. 

These higher relativz sslubi1St;es are not inconsistent with the lower 

'tlargelt particle relative solubilities meesured for ambient aerosols 

because of the different size spectrum collected by the modified 

impactor used in the plume studies. 

fraction of the plume material (stagss 1 & 2) corresponds to the "small 

particle" fraction (stages 4 & B)  of the ambient aerosol, which was 

characterized by h.fgher re1 at i ve sol ub i 1 it ies . 

In general the "large particle" 

* 

Summary and the Rale of-.ParticIe 
Hydration in the Solvation Process 

Sumnarizing the data on elemental relative solubilities in both 

plume and ambient samples leads to an interesting hypothesis. 

relative solubility of each elemcqt in ambient aerosols col7ectkd over 

The 

WBW was seen to increase with the length of time the atmosphere was 

saturatad with water vapor during the salnplfng period. No other 

atmosphsric conditions showed apparent effects on relative solubility. 

In the ambient zerosol, relative solubilities tended to incwase with 

decreasing particle size whjle absolute elemental concentrations in 

I 
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each p a r t i c l e  s i ze  c lass had l i t t l e  ef fect .  

considerably 

the stack o f  a coal f i r e d  power plant.  However, d i s t i l l e d  water 

ext ract ion o f  samples co l lec ted  i n  the power p lan t  plume indicated tha t  

Ambient aerosols exhib i ted 

igher s o l u b i l i t i e s  compared wi th  aerosols co l lected i n  

r e l a t i v e  s o l u b i l i t i e s  increased during plume aging (as measured by 

plume t rave l  from 0.25 t o  7 km) from values s imi la r  t o  those measured 

f o r  stack mateyial  t o  values representative o f  ambient aerosols. 
-_ 

The process o f  aerosol hydration can be used t o  explain a l l  o f  
-- these observations. 

solvat ing e f f e c t s  involved during hydration using the approach o f  the 

James and Healy (1972) model o f  adsorption o f  hydrolyzable metal ions 

The problem may be viewed i n  terms o f  the 

a t  the oxide-water in ter face.  The phenomenon o f  metal d isso lut ion i n t o  

aqueous media can be considered i n  terms o f  two reactions between three 

physico-chemical states. The s o l i d  s ta te i s  represented by a metal 

cat ion associated w i th  an anion or anionic surface by chemical bonding 

_- 

or adsorption; t he  intermediate s tate i s  represented by the metal 

hydrate s t i l l  associated with the anion; and the aqueous s ta te  i s  

represented by the  metal ca t ion  i n  solut ion. The f ree  energy o f  

solvat ion of each s ta te  i s  d i r e c t l y  proport ional  t o  the ion ic  charges 

and the e l e c t r w i c  charge and inversely proport ional  t o  the 

cation-anion separation and the d i e l e c t r i c  constant (E). 

the change i n  free energy (AG) between states as a measure o f  the 

sponteniety of a reaction, it can be shown, by neglecting constants and 

considering the publ ished values o f  E f o r  water and possible 

representative aerosol matrices (SiOp, MnOp, A1203), t h a t  since 

the AG te rm i s  inverse ly  propor t ional  t o  the d i e l e c t r i c  constant, the 

Considering 
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two intermediate steps i n  the solvation process are both favorable 

reactions (James and Healy, 1972; T. Theis, personal communication). 

Since the sum of the two steps represents the complete dissolut ion 

reaction, the more completely hydrated the metal cations become ( i n  

step I ) ,  the more readily the second step of the solvation process will 

proceed. 

A typical monolayer o f  hydration is thought t o  consist of 

approximately 6 water molecules while hydration double layers are also 

believed to  exist. 

displacing the metal cation from its associated anion t o  some extent. 

When the cation is fu l ly  hydrated the necessary energy t o  completely 

displace it from the anion surface is far less than t h a t  needed for the 

As these layers form, energy is utilized i n  

entire dissolut ion process. In addition, solution pH determines the 

surface-charge and potential of the oxide, t h u s  controlling the 

coulombic interactions between the ions and the surface. A decrease i n  

pff results i n  an increase i n  the dielectr ic  constant o f  the interfacial 

region which will, i n  t u r n ,  further enhance the i n i t i a l  hydration 

reaction. 

saturation frequency and elemental relative solubi l i t ies  can be 

considered i n  the following terms: 

periods w i t h  a Tonger exposure t o  an atmosphere saturated w i t h  water 

vapor w i l l  include particles more completely hydrated and which more 

Thus the relationship between atmospheric water vapor 

ambient aerosols collected during 

readily yield metal cations to  solution. 

cooling o f  a combustion plume the stack gases, saturated w i t h  water 

vapor, begin to  condense on the submicron particles, hydrating al l  

available surfaces. T h i s  would explain the low relative solubi l i t ies  

Sfmilarly dur ing  the i n i t i a l  
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associated w i t h  in-stack material acd t.he general increase i n  the 

x l a t i v e  solubi l i t ies  o f  the metals i n  the total  aerosol fraction 

durSng the int ia l  period of plum? aging. 
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CHAPTER I V  

EMPIRICAL DETERMINATION OF DRY DEPOSITION TO A FOiiESTED LANDSCAPE 

Introduction 

A1 though the literature contains considerable information on the 

atmospheric concentration o f  many elements i n  aerosols (briefly 

reviewed in Chapter III), data on their mechanisms and rates of removal 

have not been reedily ava9lable until quite recently (e.9.) see the 

recent reviews by Chamberlain, 1975; also Hosker and Lindbery, 1978). 

Aerosols are removed from the atmosphere by ( 1 )  wet deposition, 

(2) sedimentation, and ( 3 )  impacticn on obstacles, all three processes 

being highly dependent on particle size characteristics. 

deposition will be considered in detail in Chapter V. Sedimentation 

Wat 

involves falling part-icles which accelerate until their terminal 

velocity is reached. This speed depends on the dewfty, gravitational 

acceleration, and aerosol diameter as well as the viscosity of the 

air. 

ir! air are well documented (Israe: arid Isritel, 1974). From these 

Calculated terminal veloclties for rigid spheres o f  unit density 

calculations and the observed particle diameter o f  aerasols from a wide 

range of sources (Lee et a l . ,  1975) it 3s evident that sedimentation 

should be most important r21atively close to major emission sourc?s. 

Impaction involves processes o f  wind advection and turbulence wherein 

particles suspended i n  air WE able to strike the swface of 

i 
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vegetation, soil, or water. T h i s  mechanism is t h u s  strongly dependent 

on meteorological conditions as well as the configuration o f  the 

depos i t  i onal surf ace. 

Chamberlain (1955), Chamberlain and Chadwick (1966), and Cawse and 

Peirson (1972) have used an expression relating deposition flux t o  the 

a i r  concentration: 

(ng/cm /sec), C = concentration i n  a i r  above the depositional surface 

(ng/m ), and vd = deposition velocity (cm/sec). 

ear l ier ,  S l i n n  (1976) has recently presented a theoretical argument 

that dry deposition of g~pol lu tan t l~  materials to a forest  from 

Vd = F/c, where F = ra te  of dry deposition 
2 

3 As discussed 

ground-based sources appears t o  be comparable i n  magnitude t o  wet 

deposition. 

(vd = 0.3-3 cm/sec) w i t h  some limited f ie ld  data further emphasizes 

the potential importance o f  dry deposition to  a forest  canopy. 

Comparing the assumptions of Slinn's calculations 

, 

Chamberlain (1953) estimated that the maximum deposition velocity due 

to  impaction i n  a forest  could be as high as 5 cm/sec. Cawse and 

Peirson (1972), however, measured vd values for 29 elements t o  an 

a r t i f ic ia l  surface tha t  averaged less t h a n  0.38 cm/sec. 

recent paper Cawse (1974) again determined deposition velocities for 

In a-more 

minor and major aerosol-associated elements a t  seven open f ie ld  

locations over a two-year period and found an overall range of 0-04 t o  

5.9 cm/sec wi th  interlocation variations for any single element of 

f 86% o f  the mean. 

values were determined u t i l i z ing  an entirely a r t i f i c i a l  b u t  

O f  importance i n  the work i s  the fac t  that  a l l  vd 

reproducible surface (tlhatman 541, 25 x 20 cm f i l t e r  paper) that  

neither corresponded to  any natural surface (soil,  grass, or other 



101 

vegetation) nor to any other type o f  collection surface routinely i n  

use by other researchers (e.g., Wong, HASL, or F i n n i s h  wet/dry 

deposition collectors). 

and Turner (1970) over a woodland canopy. 

A similar experiment was performed by White 

Using a r t i f i c i a l  collection 

discs at  various locations and levels w i t h i n  a canopy the authors 

determined deposition velocities for major cations on. a monthly basis. 

Mean values fo r  12 months varied from 3.0 t o  7.1 cm/sec and indicated 

the increased potential of a forest system t o  scavenge aerosols. 

The influence of meteorological conditions, particle size 

d i s t r i b u t i o n ,  and surface characteristics on wet and dry deposition 

including particle impaction has been often discussed (Sehmel and 

Hodgson, 1974; S l i n n ,  1975 and 1976; Clough,  1973; Scriven and Fisher, 

1975) b u t  few measurements exist  outside of wind tunnel experiments. 

Through the use of radioactively tagged spores and various inorganic 

particles Chamberlain (1970) studied the effects of surface 

characteristics and wind speed on particle transport t o  rough surfaces 

both i n  wind tunnel experiments and i n  the f ie ld  over grassland areas. 

The author concluded the following: surface stickiness is important i n  

controlling Vd for particles of > l o  um diameter while for particles 

o f  1 t o  5 lun deposition is dependent on the presence of micro-roughness 

.. 

on surfaces, and stickiness is no longer important; vd = V s  

(terminal velocity) for very small wind speeds b u t  a t  higher speeds 

deposition by impaction on roughness elements becomes progressively 

more important; and a71 surfaces are particularly eff ic ient  scavengers 

when wet, In a more recent paper Raynor et al. (1975) reported on the 

measured dispersion of pollens and spores from in-forest releases. 
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Their data indicated that deposition predominates over impaction i n  

forest regimes and that most particles were lost t o  the foliage rather 

than the ground, 

was the choice of particles and associated size ranges. 

studies larger particles (10 t o  50 m range) were primarily used and, 

where smaller aerosols were included, no attempt was made t o  

However, the major shortcoming i n  these experiments 

In both  

approximate previously measured particle size distri b u t i  ons. 

Under the controlled conditions of a wind tunnel, Wedding et  al. 

(1975) simulated Pb aerosol impaction onto vegetation w i t h  results t h a t  

substantiated the above field measurements. 

used were relatively uniform i n  size, 6.77 f 0.02 rn diameter, while 

various researchers have measured the mass median diameter of Pb i n  

ambient a i r  t o  be on the order of 0.45 ~ r m  w i t h  50 t o  90% of Pb I 

However, the particles 

particles i n  urban a i r  less than 1 pm (NRC-NAS, 1971). 

Actual field measurements of particle deposition onto various 

types of foliage have primarily involved whole leaf analyses, use of 

indicator species or a r t i f ic ia l  foliage, or analyses of leaf 

dislodgable residue. Schlesinger et  al .  (1974) compared t o t a l  
_- 

deposition of major cations by using ar t i f ic ia l  f o l i a r  and open-bucket 

collectors i n  a montane area of New England. Although limited, their 

data suggested that under conditions of h i g h  wind and frequent fog,  

interception contr ibuted significantly t o  total elemental deposition. 

Little (1973) u t i l i zed  leaf washing experiments t o  measure the effect 

o f  a local Pb and Zn smelter on trace element deposition. Results 

indicated a large fraction of the metal burden on leaves was readily 

removed as soluble (8% Pb, 13% Cd, and 27% Zn) or particulate (87% Pb, 
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62% Cd, and 673: Z n )  material by dist.illed water. Although no attempt 

was mzde to re la te  the results to ambient a i r  particulate data, the 

proximity of the area to the smerter suggests the particles involved 

were predominantly i n  larger size fractions than generally expected for 

these trace elements, In a recent study Sheline e t  a l .  (1975) analyzed 

samples o f  the epiphyto Tillandsia usenoides L. (Spanish moss) and 

compared the resuJts t c  the composition of the ambient aerosol i n  

forests as a futiction a f  particle size. Although absolute 

concentrations were not determined, elemental rat-io comparisons between 

the aerosols and the moss suggested the following: moss composition 

approaches the composition of the aerosol group i n  the > 5 vm size 

range for nine soil and pollution-derived elements; element enrichments 

i n  the moss relative t o  the ambient aerosol occurred for I(, Ca and 

associated elements and not, for pollution-derived e!emmts; the moss 

may exhibit a par t ic le  uptake cutoff o f  

serve as an indicator o f  time average aerosol c3mpsitiov f a r  large 

part i c 1 e po 1 1 u t i  an-der i ved e 1 emen t s . 

--. 

5 wn i n  diameter and can 

The purpGse of this chapter is to describe the developmeEt and 

application o f  techniques to  experinientally measure dry deposition i n  

Walker Branch Watershed. A similar discussion concerning wet 

deposition i s  the topic o f  Chapter V 

mechanisms on an annual scale is the 
1 

while comparison o f  a l l  i , i p u t  

subject of Chapter VII .  
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- 4  a’% Consideration of the Problems Involved In 
suring Dry Deposition to a Forested Canopy 

The problems involved in field measurement of dry deposition have 
- 

detail itl two recent reviews (Galloway and Parker, 

, ,19m; Hnsker .ax! L i n  berg, 1978). The determination of dry deposition 

faces presents particularly difficult problems. It is 

rwt a straighffmvard task to relate deposition on an artificizl 

e to that ~ ~ ~ ~ . ~ i ~ J j ~ g  vegetation. With few exceptions most 

ed particle ca7l.ection deviczs ciirrently in use detect primarily 

ly large, sedimenting particles. Small particles 

ed via turbulence and deposited via impaction 

pmc~rjses r~qaire JWfererlt methods and techniques. For evaluation of 

r to the forest canopy, there seems little 

m f  direct in-canopy samplifig. Conventional 
.- 

. ’ ~~~~~~~ ,TnuL? cia1 sampling devices such 3s oper. buckets, 
, -.. 

skeets o f ’ f i i & ~  paper, or other exposed materials genera;!y suffer not 

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ , ~ ~ , ~  o f  the surfaces, but also from their common use 
I , .  

I -  

1, -. Begus ition measurements using the above terhniqlres 

are usefuls fzoweve~, for providing comparative data on relative 

temporal agd spatial v iability, but are less useful in estimating 

os-sr?sfder because of the differetit turbulent regime 

developed mound the artificial surfaces compared to vegetatiw 

- .  mt.5 yr axFClJ3oIin, 1971). These problems relate to the 

.. 3 ~~~ .level-..b_bucl<et collector and may not apply to the use of 
. -  

ficial surfaces mounted in the cariopy. 
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Many of the difficulties involved in the measurement of dry 

deposition are further confounded when trace elements are of interest. 

This is due t o  the generally lower trace element concentrations in the 

atmosphere, and hence transport to the atmosphere - canopy interface, 
and the well known problems of contamination in trace analysis. These 

constraints necessitate relatively long term sampling (days) to provide 

sufficient material for analysis. klith the above constraints in mind 

the decision was made t o  develop and modify two previously, but only 

occasionally, applied techniques for the measurement of dry 

deposition. 

inert surfaces, in one case, and actively growing vegetation, in the 

second, to collect dry deposited material at the atmosphere-canopy 

Basically these two methods involved the use o f  pre washed 

interface. The use of both inert surfaces and growing leaves provides 

the critical comparison between artificial and vegetative surfaces 

recommended in the reviews discussed .above (Galloway and Parker, 1978; 

Hosker and Lindberg, 1978). 
_-- .-- 

/ 

Materials and Methods 

Collection of Deposited Particles on Inert, Flat Surfaces 
in the Forest Canopy: Deposition Plates 

The device used for the collection of dry deposition on an inert 

surface was a modification of the standard bucket technique (Volchok et 

al., 1974) ana the teflon disc technique recently described by EJias et 

al .  (1976). The standard bucket collector- is complicated by several 

problems: 

choice of true exposed surface area difficult, (2) considerable volumes 

(1) large side wall to bottom surface area ratio making the 



of solution are required for leaching 

both increasing the chances of contam 

sample, (2) the buckets are tco large 

the sample from tne contaTner, 

nation while also d l u t i n g  the 

t o  be easily amenable t o  ul t ra  

clean laboratory procedwes, and (4 )  the buckets are tco bulky t o  be 

easily used i n  the tree campy. 

better choice but s t i l l  has some problems: 

wash-off of some deposited materials, and (2 )  the entire disc must be 

leached i n  the lahoratury for complete removal o f  the deposited 

particles, t h u s  also exposing the backside of the disc (which must  be 

used t o  at.tach the disc t o  a mcjunting platform i n  the f i e ld )  t o  the 

leachate solution. The choice i n  these experiments was polyethylene 

petri dishes, henceforth termed depositiori plates. These dishes dre 

inert: exhibit low backgrcund contamination during leaching, are 

amenable t o  several sm3\;; scale laboratory leaching techniques, are 

The teflon disc technique i s  a fa r  

(1) heavy dew can cause 

small and lightweight (diameter = 3.3 cm), have a 7arge button t o  side 

surface area ratio,  yet have a large enough rim to  prevefit dew rclnoff 

even during moderate wind disturbance, are easily handled and mounted 

i n  the field w i t h o u t  touching the deposition surface, and are readily 

available i n  large quantities. 

The deposition plates were rigorously acid washed and rinsed w i t h  

profuse amounts of double d i s t i l l ed  watw according t o  procedures 

described i n  Appendix A, covered w i t h  similarly cleaned petri  d i s h  

cover, and sealed i n  polyethyiene bags. 

procedures using polyethylene gloves. 

Plates dere handled dur ing  a l l  

The p!ates were transferred t o  

the field Snediately prior t o  an experimental period and mounted i n  

aluminum clamps which hail teen previously coated w i t h  polystyrene and 



sprayed w i t h  a fluorocarbon coating. 

mounted -in the forest canopy arourid a mature chestnut oak (Quercus 

prinus) at  the fovr cardinal directions at  the approximate p o i n t  of 

The deposition plates were 

canopy closure, such that the plates were not covered by overhanging 

leaves but were w ' th in  the framework o f  the vegetative canopy. 

plates were attached t o  terminal branches i n  a horizonta? pGsition when 

the branches were at  rest. A typfcal zrrangement of the deposition 

plates is i l lustrated i n  Figure 16. The s i t e  used for the deposition 

plate collections %as location T4 i n  Figure 20 (Chapter V ) ,  Q 45 m NW 

The 

o f  the meteorological tower described i n  the previous chapter. 

general canopy type at thSs si te i s  oak-hickory. 

The 

The four deposition 

plates ranged i n  height fromi 16 t o  XS m above the ground. In addition, 

deposition plates were also placed at  two levels w i t h i n  the canopy of 

the same tree, one Q 2/3 o f  the distence between the t ree  t r u n k  and 

canopy edge beneath CL 6 m o f  leaf canopy and 12 m above the ground, and 

the other QJ f / 3  of the distance between the t r u n k  and cmopy edge 

beneath 'L 10 m of leaf canopy and Q 8 m above the ground. On se!ected 

occasions plates were also placed 1 m above the ground beneath this 

chestnut oak tree, and 48 m above the ground on top  o f  the 

meteorological tower. 

Deposition plates were used as described above d u r i n g  two 

experimental periods. 

collection during the preliminary f ie ld  experimental and developmental 

The f n i t i a l  uti l ization was fGr long term 

stage o f  the research (7/76 - 4/77) when the plates were i n  place for 

periGds ranging fmm 9 t o  40 days. 

canopy conditions ranging f m i  barren (12/76) t o  partial  leaf opening 

These periods iiicltided forest  
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Fig. 16. Location o f  deposition plates ( f l a t ,  inert surfaces) in the 
chestnut oak canopy. 
(circled) o f  deposition plates in the upper, middle, and 
lower canopy. 
canopy deposition plate during fu l l  canopy development. 

Top photo illustrates the positions 

Lower photo shows the position o f  one upper 
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(4/77) to maximum canopy development. The bulk of tbe deposition plate 

collections, however, were of a short term nature, corresponding to the 

intensive sampling periods during the growing ssason of 1977 described 

in detail ir3 Chatjter 111. The deposition plates were in place during 

the ten experimental periods of aerosol sampling at the meteorological 

tower which ranged i n  duration from 4 t o  7 days. 

experimental pcricid t h e  plates were retrieved by hand, covered with a 

clean polypropylene lid, and sealed in plastic bags for transport to 

At the end o f  each 

the laboratory. 

pre cleaned dessicators, as described in Chapter 111, prior to 

In the laboratory, the dishes were stored in sealed, 

extraction (genera!'ly < 48 hours). 

Deposition Plate Extraction and Efficiency o f  Extraction 

The leaching of the deposition piates was done using a technique - 
similar to that described in Chapter I11 for the aerosol samples. This 

was done to assure comparibility between the availsble element 

fractions ar;d relative solubilities o f  the aerosols and deposited 

particles. 

soluble plus dilute acid leachable fractions, using similar solid to 

solution ratios and acid concentrations as used for the aeroscl 

_- 
r 

The available element fraction is the sum o f  the water 

filters. The overall extract.ion method involved the following: 

(1) distilled water extraction - 50 mT o f  2XDW were added to each 

deposition plate, all work being done in the laminar flovlr clean bench 

and using polyethylene gloves; an acid washed and rinsed 2 cm teffon 

stirrfng bar was placed in each deposltion plate dnd the petri dish 

cover rcplzced; the covered p1a.tes were then placeti on a magnetic 
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stirring apparatus and s t i r red  at  moderate speed (a  speed f a s t  enough 

t o  keep particulate material i n  suspension b u t  slow enough to allow the 

stirring bar to circulate around the fu l l  surface area of the 

deposition plate). 

stacked on one magnetic s t i r r e r .  

the s t i r  bar around the deposition plate was found to be very efficient 

Using this method up t o  four plates could be 

The circular "travelling" motion of 

i n  scraping deposited material from the plate and keeping i t  i n  

suspension; this s t i r r ing  continued for two hours after which time the 

solution was carefully decanted, us ing  an acid washed funnel, i n to  a 

pre-cleaned membrane f i l t e r  apparatus and f i l t e red  through a 0.4 wn 
nuclepore polycarbonate membrane as described i n  Chapter 111. 

f i l t r a t e  from the deposit ion plates a t  the four cardinal directions 

were occasionally analyzed separately, b u t  generally composi ted. The 

The 

water extractions were preserved u n t i l  analysis w i t h  Ultrex ul t ra  pure 

HN03as described i n  Appendix A. 

the nuclepcre membrane used to  f i l t e r  the water extract was placed i n t o  

the now dry deposition plate af ter  rinsing down the sides of the f i l t e r  

(2 )  d i l u t e  acid leach procedure - 

apparatus to insure collection o f  a l l  particulate material; '50 m l  of 

0.08 N (pH.= 1.1) Ultrex HNOQ were added to  each deposition plate, 

the l i d s  replaced, and the plates s t i r red as above for an additional 2 

hours after which time the plates were stored, s t i l l  f i l l e d  w i t h  the 

acid solution, i n  clean dessicators, i n  the dark,  for 7 days. 

Following this period the samples were decanted i n t o  acid washed 

polyethylene bottles and held f o r  analysis. 

extractions clean deposition plates were carried through the entire 

process t o  generate blanks for each step. 

During each se t  of 
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A sim’lar set of expwiments t o  those described for the aerosol 

f i l t e r s  i n  Chapter 111 were perfornied using the deposition plates. 

These involved cclll ccti on o f  a series o f  sequential samples throughout  

the water extract5on and dilute acfd leach steps for a period of 10 

days t o  determine the efficiency o f  the extraction procedure t o  remove 

the avai1a.ble metal fmction. 

‘ i n  detail i n  Chapter I I I  (see Figure 2) only the pertinent results are 

Since similar experiments were described 

sumarized here. The time series patterns o f  trace element release 

dur ing  the two extractions o f  the depositSon plates were very similar 

to  those shown i n  Figure 2, although the absoiute concentrations were 

not  the same. The release of the water solubie fractions of Cd and Mn 

were Q 100% complete af ter  one hour ( rz ia t ive t o  24 hours) while the 

amount of Pb and Zn i n  solution fo l lowfng 2 hours of water extraction 

were 87-and 91% o f  the quantity i n  solution a t  24 hours. Fcllowiny 

acidification, Q 98 t o  100% of the metals i n  so’lution a f te r  IO days of 

leaching were i n  solution af ter  36 hours for Pb and after 3 t o  4 days 

for  Cd, Mn, and Zn. - , 

As descrjbed f n  the previous chapter, selected samp’les were also 

exposed to additional dilute acid leachivg and strong acid digestion. 

The results of an additional 1N acid leach can be best expressed as the 

rat io  of the total  metal removed ty the water extraction and dilute 

acSd leach plus 1N acid leach steps divided by the amount removed by 

the water p lus  dilute acid leach alone. 

Cd = 1.04, Mn = 1.02, Pb = 1.24, Zn = 1.01. 

the 1N acid leech p;rnoved an :‘nsigtiificant addftional amount of each 

These were as fo1lows: 

With the exception of Pb, 

element. The results for  Pb agree w i t h  those discussed i n  Chapter 111 
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regarding the recovery of Pb from aerosol samples, 

additional wet acid digest can be similarly expressed as the r a t i o  of 

The results of the 

the total metal concentration to the available metal concentration. 

These values were as follows: 

A l l  of the elements were inefficiently extracted by the available metal 

Cd = 8.6, Mn = 5.7, Pb = 8.1, Zn = 55. 

extraction procedures, yielding 2% of the total Zn, 12% of the Cd and 

Pb, and 18% of the Mn, Comparing these values w i t h  those i n  Table 11, 

Chapter 111 for aerosols i n  several size classes suggests the possible 

predominance o f  larger particles i n  the deposition plates, a p o i n t  

which will be further considered this chapter. Recall t h a t  i n  the 

leaching experiments w i t h  the aerosols, the largest particles were 

least effectively leached by the distiTled water and dilute acid steps. 

Collection of Vegetation Components / 

Actively growing vegetation was sampled sequentially a t  specific 

locations over relatively short (days) and long (weeks) time periods 

w i t h  the intent of comparing the temporal variations i n  the quant i ty  of 

material washed from a known surface area o f  leaves i n  the laboratory. 

Several techniques o f  leaf collection were attempted during the 

developmental phase of this research, including the use of Swedish 

portable climbing ladders t o  access tree tops, projectiles t o  shear 

young branches situated at the p o i n t  of canopy closure, and extension 

pole pruners t o  remove outer canopy branches. 

only on occasions dur ing  the i n i t i a l  year of sampling, a t  9 of the 10 

permanent collection s i tes  across the watershed. 

transected the watershed as illustrated i n  Figure 17. Each s i t e  

These methods were used 

These s i tes  
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Fig. 17. Location of ten experimental plots for the collection o f  
upper and lower canopy foliage of chestnut oak and mockernut 
hickory for analysis o f  leaf surface area concentration. 
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included a pair of plots containing one canopy dominant chestnut oak 

and one canopy dominant mockernut hickory (Carya ). These two 

species represent opposite extremes i n  surface texture, the oak having 

a smooth surface and the hickory having a pubescent surface. 

species each represent 

Si te  6 corresponds t o  s i t e  T4 discussed above, the s i t e  of the 

These 

20% of the total  basal area o f  the watershed. 

intensive deposition plate experiments. 

of the chestnut oak a t  this s i te ,  it was also chosen for several short 

term developmental experiments during the 1976 growing season. 

Because o f  the accessibility 

The vegetation at  s i t e  T4 was also sampled simultaneously w i t h  the 

deposition plate and aerosol collections dur ing  the intensive 10 week 

experimental period d u r i n g  the 1977 growing season. All leaf 

collections at  the T4 s i t e  were done by hand using the following 

technique. A t  each predetermined location i n  the t ree  canopy (adjacent 

t o  the deposition plates when they were i n  use) leaves were removed by 
- 

hand from the outer canopy immediately above the point  of canopy 

closure using polyethylene gloves and handling the leaves only by the 

base of the stem. Four well-developed and undamaged (by abrasion, 

tears, insect grazing, or a i r  po l lu t ion )  leaves from each location were 

placed i n  200-ml acid washed and rinsed (described i n  Appendix A )  

polyethylene bottles, the bottles capped and returned t o  the 

laboratory. 

following section) was always begun immediately upon return t o  the 

Washing of the intact leaves (by methods described i n  the 

laboratory (generally < 2 hours following collection). 

During the i n i t i a l  period of the research another collection and 

washing technique was tested because it  afforded a method of increasing 
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the sample size for each location: four branches of five or more 

leaves each were removed from each location in the canopy, and sealed 

in a clean polyethylene bag (this same sample handling procedure was 

utilized during mechanical collection of leaves at the 9 watershed 

transect plots). 

cut from the center base of each leaf and all 20 of the discs placed 

In the laboratory a single disc of 15 mn diameter was 

into a polyethylene bottle for washing. 

afforded a "representative" sampling of 20 leaves at each canopy 

-location, and hence 80 from the full sample of 4 cardinal directions, 

was abandoned for several reasons relating to contamination, excessive 

foliar leaching, and leaf surface heterogeniety. 

This method, although it 

Leaf Washing Experiments 

Physical washing of leaves has been used in previous studies of 

pesticide residue on leaves (Gunther et al., 1974), fluoride toxicity 

to foliage (McHenry and Charles, 1961; Cook et al., 1976), and Pb 

particle mobility on vegetation surfaces (Carlson et al., 1976). 

major problem of these techniques is maximization of surface 'deposit 

removal and minimization of internal leaf leaching. As described above 

an early attempt in this research involved washing of leaf discs so as 

to allow a larger, presumably more representative, sample size per 

analysis. 

representative of the entire surface with respect to to particle 

accumulation. 

(1) considerable scanning electron microscopy (SEM) of leaf surfaces 

indicated a large degree of heterogeniety in particle residence on the 

The 

This assumed that a disc cut from the center of a leaf was 

This method suffered from two major problems: 
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surface of freshly collected leaves such that a 2 cm disc could be very 

non-representative of the surface as a whole (see Chapter VI), and 

(2) freshly cut discs were far  more susceptible t o  internal cell  

leaching (as determined by dissolved organic carbon concentrations i n  

the leaching solutions of whole leaves vs discs w i t h  the same surface 

area, as well as observation of b o t h  chlorophyll and a large quant i ty  

o f  leaf fragments i n  the disc washing solution). 

The decision to wash whole leaves was followed by several 

experiments to  determine optimum washing times, solut ion volumes, and 

volume t o  leaf surface area ratios.  Briefly, these involved sequential 

collection and analysis o f  the leachate solution i n  a manner similar t o  

the experiments previously described fo r  aerosol f i l t e r s  and deposition 

plates, sequential gravimetric analysis of the dislodged particulate 

material, and microscopic examination of a series o f  leaves before and 
/ 

af ter  washing by various procedures. 

led t o  the following leaf washing techniques: 

fraction - 
added to the f o u r  whole leaves collected i n  polypropylene bottles as 

described ear l ier ;  these bottles were capped, sealed i n  polyethylene 

The results o f  these experiments 

(1) Water soluble 

immediately upon return from the f ie ld  100 m l  of 2XDW was 

bags, and secured i n  a reciprocating shaker. 

agitation at  240 osci l la t ions per minute, another 100 m l  of 2XDW was 

added to  each bottle. 

bottles were removed and the solution decanted in to  a prewashed 

Following 1 hour of 

Following an additional 1 hour of shaking, the 

membrane f i l t e r  apparatus and f i l t e red  through a 0.4 vm Nuclepore 

membrane directly into an acid-washed polyethylene b o t t l e  as described 

earlier.  The f i l t r a t e  was acidified and stored for analysis a t  4OC. 
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(2) Dilute acid leachate fraction - the leaves and bottle were rinsed 

w i t h  an additional 50 m l  of 2XDW onto 'the f i l t e r  used above, then the 

leaves were ciirefully removed and stored a t  4*C for surface area 

determination or  future SEM analysis (surface area was measured using a 

Lambda leaf-area-meter which operates on a l i g h t  attenuation 

principle. 

determination of f 5%). 

original polypropylene washing bottle us ing  teflon foreceps, and 50 m l  

o f  0.08 N Ultrex HN03 were added. 

never exposed t o  the acid leaching step, rather only the particulate 

material which was removed from the leaf surfaces by the in i t i a l  

washing procedure was acid leached. 

With practice one can achieve a precision i n  leaf area 

The membrane f i l t e r  was placed i n t o  the 

Thus, the leaves themsefves were 

T h i s  solution was agitated on the 

shaker for 2 hours t o  remove particulate material from the f i l t e r  

surface and the b o t t l e  stored i n  the dark i n  clean dessicators for  7 

days. 

polyethylene bottles for analysis. 

Following this period the samples were decanted i n t o  acid washed 

Using this method, t e s t s  of extraction efficiency yielded the 

following results. 

indicated that af ter  2 hours Q 100% of the soluble Cd and Mn and 90 to  

95% o f  the soluble Pb and Zn were i n  solution (relative t o  the amount 

in  solution af ter  24 hours). 

particulate material removed from the leaf surface resulted i n  a rapid 

i n i t i a l  release of a l l  metals such that Q 100% of the Cd and Zn  was i n  

solution a f te r  4 days, Mn af te r  2 days, and Pb af te r  36 hours ( re la t ive 

to  the amount i n  solution af ter  10 days). The effectiveness o f  the 

agitation technique to  remove deposited particulate material from 'leaf 

Sequential elemental analysis o f  the leachate 

Addit ion of dilute acid to  the 
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surfaces was tested by two experiments. A series of sequential leaf 

washes-were dcne wherein the ssme set of four leaves was washed in 200 

ml of 2XDW as above but replacing the wash solution every 15 minutes. 

Each successive wash solution was f i 1 tered through a pre-weighed 

nuclepore 0.4 pin filter arid the net weight per washing determined. 

several occasions tihece experiments yielded similar results: 

detectable w2igfit (using a conventional balance with a readibility of 

10 -gg) of the material removed after 3 hours o f  washing was rercoved 

during the first 30 minutes and Q 100% during the first 90 minutes. 

Because of the relatively low resalution of this gravimetric analysis, 

particle removal was also studied using SEM. 

leaves were used and in other cases the same leaf was divided .in half. 

In each case one sample W E S  washed as usua?, the other held as a. 

control. 

since particle residence on tfie leaf surface i s  non uniform. 

Representative scanning electron photomicrographs are illustrated in 

Figure 18 for two locatiorls on the leaf surface. 

washing) and B (before) are 200X magnif’cation of the surfaces near the 

leaf base adjacent ts the vel’n while C (after washing) and 0 (befors) 

are SOX mcignifications o f  the vei,i at mid leaf. It was apparent that 

the washing procedure was remoking some material from the results 

presented above. This i s  also indicated by the photographs. However, 

there always remained same fraction of the original particle load 

lodged in crevices of ‘the leaf surface generaliy near the central 

On 

90% by 

In some cases adjacent 

These resu!ts ;nust he considered as smi-quantitative at best 

Phstos A (after 

vein. For this reason the material removed during the washing 
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Fig. 18. Scanning electron photomicrographs of washed ( A  and C )  and 
unwashed (B and D)  chestnut oak leaf surfaces . 
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procedure must be operationally defined as the water soluble plus 

loosely bound particulate fraction. 

Analytical Methods and Precision 

The analytical techniques employed in this phase of the research 

were identical to those used in the aerosol experiments. These were 

briefly described in Chapter 111 and are considered in detail in 

Appendix A. 
._ 

Precision, determined from replicate analyses of the same sample 

were 5 4% for SO; in deposition plate leachate and * 8% for 
SO; in leaf wash. 

solutions was responsible for the poorer precision o f  these analyses 

(discussed in Appendix A).  

analysis is related to the concentration range encountered, as 

follows: 

into the graphite furnace = 4 to 10% (this range included 100% of all 

The increased organic content of the leaf wash 

The actual precision of any trace element 

concentrations of > 1 vg/l, precision o f  replicate injections 

Mn analyses, CL 50% of Pb and Zn, and none o f  the Cd analyses); 

concentrations between 0.1 to 1.0 pg/l, precision 10 to 15% (Q 15% of 

Cd analyses, CL 50% of Pb and Zn analyses); concentration range 

< 0.1 pg/1, .precision = 20 to 25% (includes Q 85% of all Cd analyses), 

Because o f  the nature of these samples it is difficult to determine an 

overall procedural precision for field collection and analysis. 

However, samples of leaf wash from one extraction were occasionally 

split into three replicates and filtered and analyzed separately. 

Because o f  the extra steps involved in filtration, these samples would 

be expected to illustrate maximum values for the overall precision of 
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the extraction and analytical procedures. The result of typical 

experiments were as follows: 

k standard deviation) Cd = 0.20 k 0.005 ug/l, Mn = 130 2 38 ug/1, 

Pb = 0.23 k 0.07 pg/l, Zn = 2.2 2 1.1 ug/l, SO; = 1.4 2 0.3 mg/l; 

these result in precisions of 20% for Cd, 30% for Mn, 30% for Pb, 50% 

for Zn, and 20% for SO;. The non filtered, dilute acid leachable 

(mean extraction concentrations 

fraction in all cases exhibited better overall reproductivity, 

generally 15 to 20% for’Cd, 10 to 15% for the other constituents. In 

addition, when the above experiments were repeated for the apparently 

less complex matrix of the deposition plate leachate the overall 

reproductibility was on the order of 10 to 15% for all constituents. 

Results and Discuss ion 

Preliminary Vegetation Experiments 

The Problem of Spatial Heterogeniety 

In any research involving the collection and analysis o f  living 

vegetation, variability must be accepted as a natural phenomenon. The 

analysis of leaf wash solution is no exception. The preliminary phases 

of the research involved several experiments to determine the degree of 

variability on both large and small spatial scales for the leaf surface- 

area concentrations o f  Cd, Mn, Pb, Zn, and SO;. These included the 

following: watershed wide intersite variability (n = 10, see Figure 17) 

in the surface-area concentration associated with upper canopy leaves o f  

the chestnut oak and mockernut hickory and subcanopy leaves of the 

chestnut oak; variability in surface-area concentrations o f  chestnut 

oak leaves collected at 8 equally spaced compass orientations around 
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the same tree; variability in surface-area concentrations for chestnut 

oclk‘leaves collected at different heights above the ground in the same 

tree; variabi?ity in surface area concentrations for chestnut oak 

leaves collected from adjacent positions in the same tree; and 

varlability in surface-area concentrations arsociated with various 

locations on a ?eaf.  

Beginning with the smallest spatial scale, surface-area 

concentrations were determined for aiscs cut from four locations on a 

leaf (collected 5/24/76): leaf tip, base (just above stem, including 

central vein), midrib (center of leaf, including central vein), and 

margin (leaf edge, away from vein). The mean whole leaf surface-area 

concentrations ana coefflcients o f  variation were calculated from the 

four samples as follgws: Crf = (2.45 i.rg/m2 5 110%, Mn = 1.13 mg/m 

2 15%, Pb = 76 i.ry,/m’ rt 51%, 3n = 32 pg/m2 1: 110%, SO, = 265 mg/m 

+, 19%. 

with coefficients o f  variation < 20% a d  those > 50%. The two 

2 

2 - 

It is apparent that the elements fall into two grmps, those 

elements exhibiting the smallest degree of variability, Mn and 

SO;, are both micronutrients known to exist in the l e a f  tissue in 

an avai’lable, and heice leachable, form (see the discussion in 

Chapter V).. Thus, the relative importance of internal leaf vs external 

surface-deposited sources of these elements in the leaf wash solution 

might be inferred from this data. This is a point of considerable 

interest if throughfall, collected by precipitation filtering through 

the cenopy (the field analogy to Saburatory leaf washing, see 

Chapter V ) ,  is to be used to estimate dry deposition. The 
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nonuafformity of surface deposited elements is related to the 

differences i n  leaf micro-suuiface characteristics as related t o  

posi t ion (f.e., the abundance o f  leaf hairs i n  some areas, or the 

larger surface erevisses associated w i t h  veinations). 

to  some extent i n  the 2hotographs i n  Figure 18, and has been 

i l lustrated and discussed !n detail i n  the review edited by Preece and 

Dickinson (1971) 

Th i s  is visible 

These i r regular i t ies  i n  surface topography are known 

t o  influence the efficiency o f  a leaf surface t o  retain deposited 

particulate material (e.g., see the review by Hosker and .Lindberg, 

1978). Another reason for ceria1 var-iab’lity of surface deposited 

*- 

elements relates t o  the effectiveness o f  leaf moisture layers (dew, 

l i g h t  rain) t o  mobilize surface deyos,ited material causing it to 

collect i n  concave areas on the ?e& surface ( i .e . ,  cup-shaped 

depressions). 

that  this was a very important mechanisri i n  controlling the 

During two years of leaf sampling i t  became apparent 

d is t r ibu t ion  of particulate material an the leaf surface. 

near the base and t i p  of the leaves ware often visibly discolored as if 

material were collected and deposited by the surface ter?sion a t  the 

Depressions 

- 

.edge of an evaporating water droplet. 

areas by S i g h t  microscopy indfcated considerably heavier concentrations 

of particles, including large f ly  ash and soil fragments (20-83rlm 

Examination of the discolored 

diameter), relative t o  the rest o f  the leaf. 

The pattern of surface-&rea concentration on the leaf reflected 

this phenomenon. 

concentration zt the ’leaf t i p  (Cd = 1.1 vg/m , Mn = 1.2 mg/m , 
Pb = 120 w/m2, Zn = 82 m/m2, and SO; = 320 mg/m ; compare 

A l l  5 elements occurred w i t h  the h ighes t  surface area 
2 2 

2 

I 
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w i t h  the whole leaf average concentrations above) followed generally by 

base or midrib concentrations, w i t h  the lowest concentrations 

consistently measured at  the leaf margin (Cd = 0.04 pg/m , 
Mn = 0.97 my/m2, Pb = 47 pg/m , Zn = 4 pg/m , and $0; = 200 mg/m ). 

The fact  t h a t  even the possibly internal source elements Mn and 

SO;, exhibit these patterns suggest t h a t  some surface deposited 

material contributes t o  the leaf wash concentration o f  these elements, 

b u t  that both elements are influenced by a relatively large and 

constant internal source. These experiments i l l u s t r a t e  two important 

points: 

whole leaf surface area concentrations can over or under estimate the 

surface area concentrations o f  some elements by a considerable amount, 

2 

2 2 2 

(1) extrapolation of  leaf disc surface area concentrations t o  

and (2)  patterns i n  concentration variations from different areas of a 

single leaf surface may be useful i n  determining the extent t o  which an 
I 

element is leached internally from the leaf or  externally from surface 

depos it ed part i c 1 es . 
The remaining experiments a l l  involved collection o f  intact leaves 

over spatial scales ranging from a few meters t o  hundreds of-meters. 

The collections w i t h i n  the same tree were made a t  location 6 and 

involved adjacent leaves on the same branch, leaves growing a t  8 

heights above the ground, and leaves growing at  8 directions around the 

tree. The large scale collections were done across the watershed a t  

the 10 sites i l lustrated i n  Figure 17 and included chestnut oak and 

hickory upper canopy leaves and chestnut oak subcanopy leaves. Since 

the major purpose of these experiments was t o  determine spatial  

variabil i ty on different scales, a l l  of the data is sumnarized i n  
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Table 14. Also, included for comparison are the leaf position 

variabilities just discussed, as well as variability for one set of 

whole leaves collected during the intensive sampling experiments during 

the 1977 growing season using the collection, washing, and analytical 

technique of final choice (as described earlier). 

Manganese and SO; again stand out as exhibiting considerably 

less variability than the other elements, the coefficient of variation 

(CV) of Mn ranging from 15 to 55%, generally increasing with spatial 

*. scale, and the CV of SO; ranging from 15 to 35% with no clear 

trend. This lends further support to a large internal leaf source for 

these elements. There are few clear trends in the CV of Cd, Pb, or Zn 

although Cd and Zn were generally more variable than Pb. Two important 

points should be made concerning this data. It is clear that the 

sample collected in 1977 from the four cardinal directions on the same 

tree, using the techniques of ultimate choice, is characterized by some 

o f  the lowest CV. 

. 

It is gratifying that the technique developed 

following the initial year's work and used throughout 

less variability in the surface area concentrations. 

related to the larger number of leaves composited per 

_- 
~ 

1977 resulted in 

This may be 

sample and the 

use o f  only whole leaves in the washing technique. 

that the spatial variability in surface area concentrations is 

The second point is 

comparable over a wide range of scale (mn to Q 0.1 km). Thus, from the 

standpoint o f  assessing temporal changes, the following points are 

apparent: 

scale (single tree), thus allowing for a more intensive sampling 

effort, and still yi-elding surface area concentrations comparable t o  

(1) samples may be collected over a relatively small spatial 
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Table 14. Variabi l i ty  of leaf surface-area concentrations o f  the available frac- 
tion of su l fa te  and t race  metals over a range of spa t ia l  scales. 
Shown are  mean surface area concentrations, standard deviations, and 
coef f i cien t s o f  vari a t i  on. 

Surface area concentrations (K * u,  c.v.) 
M n Pb Zn so; Spatial Cd 

Sample Scale (lJ9/m2) 

SAME TREE (chestnut oak) 

Positions on 
one leafa  n 0.4550.50 1 J320.17 76t39 

Adjacent 
1 eavesb cm 3.0 k3.5 0.91-tO.12 180292 

Different 
heightsC m 0.9651.0 1.5 k0.4 6.0S.5 

Di f f eren t ornpas s 
directions 2 m 0.55+0.64 2.3 +0,7 17-+30 

120% 3 0% 175% 

Four cardinal 
d i rec  tionse m 0.35*0.20 1.5 50.6 1023 - 60% 40% 3 0% 

110% 15% 50% 

115% 15% 50% 

110% 25% 130% 

-- 

DIFFERENT TREES (10 si tes) 

Chestnut oak, 
canopy f @.lh 0.8620.90 3.7 52.0 210k130 

105% 55% 60% 

Hickory, canopyf ILo.lkm 0.50+0.57 9.8 24.2 3802400 
115% 45% 105% 

Chestnut ak, 
subcanopy P S O . l k m  3.4 k9.9 2.1 50.9 130+50 

290% 45% 40% 

32535 
110% 

19516 
80% 

3705480 
140% 

2605550 
220% 

15k5 
3 5% 

17023 50 
205% 

40+-48 
120% 

54+51 
95% 

265549 
20% 

120529 
25% 

166543 
25% 

3 2ak7 5 
25% 

1724 
25% 

155535 
25% 

140548 
35% 

90514 
' 15% 

'Coll ec ted 5/24/76, s i te  8. 

kollected 6/17/76, s i te  6. 

CCollected 7/6/76, s i te  6. 

dCollected 6/14/76, s i te  6. 

eCol1ected 10/17/77, s i te  6. 

fCollected 10/11/76, a l l  sites. 
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those collected on a larger scale, and (2) temporal variations in 

surface area concentrations must be quite large to result in meaningful 

calculations of net changes in surface area concentrations. Related to 

this second point, it is useful to compare the spatial variability in 

surface area concentrations measured at the four  cardinal d-irections o f  

the chestnut oak at location 6 during 1977 with the temporal 

variability in leaf surface-area concentrations measured at the same 

tree during the intensive sampling period from 5/9/77 to 10/24/77. The 

temporal variability in leaf surface-area concentrations for 23 sets o f  

samples collected at site 6 during this period were as follows: 

0.28 * 0.42 pg/m , CV = 150%; Mn 0.54 9 0.32 vg/m , CV = 60%; Pb 

7.1 * 6.2 pg/m , CV = 85%; Zn 24 5 61 pg/m , CV = 250%; SO; 

49 2 55 mg/m , CV = 115% (compare with the values in Table 14). 

each case it is apparent that the temporal variability in surface area 

concentrations exceeded the spatial variability at the same site, 

satisfying the above condition. 

Cd 
2 2 

2 2 

2 In 

- 

Although the experiments designed to collect the data in Table 14 

were intended primarily to develop the optimum foliage sampling - 

technique, they did provide some other interesting results. This data 

has been presented elsewhere (Lindberg et al., 1976) and will be only 

briefly discussed here. 

measured at any one point in time are not directly related t o  dry 

Although leaf surface area concentrations 

deposition rates, they provide some insight into deposition processes. 

For example, the patterns of surface-area concentrations with height 

above ground indicate higher concentrations o f  each element at the 

outer canopy within 2 m of the tree top. Lead and Cd also exhibit high 
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concentrations on !eaves i n  the inner canopy ~ 1 3  m below the t ree  

top. 

and surfaces a t  the canopy - atmosphere interface is a p o i n t  o f  

This suygests t h a t  the in i t i a l  p o i n t  o f  contact between aerosols 

accumulation o f  deposited particles. 

a t  the cmopy hase ma? be due to particle resuspension from upper 

canopy elements bo th  by wind and canopy d r i p  followed by recapture a t  

the canopy base. 

The Lecondary concentration peaks 

~ 

The distribution o f  surface-area concentrations on leaves 

collectzd a t  10 sites across the watershed showed no consistent 

patterns. Despite t h 2  location o f  one san??ling s i t e  much nearer the 

closest coal f ired power plant ( w i t h i n  2.4 km) there was no apparent 

affect on the leaf surfaze-area concentrat'ons at  this location. There 

were, however, some consistent trends between the sample types. 

Understory chestnut oak leaves exhibited gmerally lower surface-area 

concentrations of a l l  elements relative t o  both upper canopy chestnut 

oak and hickory leaves for  samples collected near the beginning 

(5/24/76) and end (10/1!/76) of the growing season. 

surface-area concentrations were expected t o  be associated w i t h  the 

more pubescent hickory leaves because ~f the greater surface roughness 

The highest 

(as reviewed i n  flosker and Lindberg, 1978). 

of Mn for samples collected durirlg the early, mid, and la te  grswing 

season, b u t  surface area concentrations of SO; were consistently 

lower for hickory compared to  upper canopy chestnut oak dur ing  these 

periods. However, the conz2ntrations of Cd, Pb, and Zn were h i g h l y  

variable between the two species, showing no consfstent trends. The 

f ac t  that the species differences were apparent only for t 5 e  two 

T h i s  was true i n  the case 
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essential elcmcnts Mn and SO; again suggests the possibil i ty t h a t  

these t w 3  elements are derived primarily from internal procecses, the 

concentraticn differences being related t o  phjsiological differences. 

The surface-zrea concentrations of elements believed t o  be primarily o f  

external w i g i n  d i d  not -indicate the presence o f  more material on the 

"hairy" hickory leaves refat ive t o  the stnooth chestnut oak leaves. 

The Froblem -_I_- of Internal Leaf Leuchi3 

The use o f  washing' procedures w i t h  living vegetation t o  estimate 

dry deposition is obviously subject, t o  the problem of foliar leaching. 

The work o f  Tukey (1970) and several others (see the discussion i n  

Chapter V )  suggests that leaching of elements from w i t h i n  the leaf 

requires l i t t l e  sore than a cursory wetting c;f the leaf surface. 

was emphasized in the recent review by Galloway and Parker (1978) who 

stated-that  experiments i n v o l v i n g  leaf surface washing must include 

s t r i c t  controls on internal leaching. 

most severe i n  the case of elements w i t h  a known biologiczl ro'le and 

c 

This 

t 

T h i s  problem is  expected t o  be 

hence a higher t issue concentration and often a higher ir?ternal 

mobility. 

elements o f  ' interest were determined i n  pre-washed chestnut oak leaves 

as occurring i n  the following order of abundance: 

Zn >> Pb > Cd. 

highest  concentrations. 

As discussed i n  Chapter V the total  concentratiw of the 

SO; >> Mn >> 

As expected the microcutrients are present in xhe 

Allthough l i t t l e  data exists concerning In 

mobility, SO: and Mn are known t o  exist in relatively lnobile forms 

in leaf t issue and are regarded as ea;ily leached elements (see the 

discussic.n i n  Cnapter V ) .  
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There are other lines of evidence indicating t h a t  the 

concentrations o f  Mn and SO; i n  leaf wash solutions reflect  

primarily internal sources i n  addition t o  some external surface 

deposited material while Pb appears t o  arise primarily from surface 

material. Zinc and Cd likely have an important'source b o t h  internal 

and external t o  the leaf. Recall that  the spatial var iabi l i t ies  

discussed above (Table 14)  indicated Mn and SO: t o  exhibit the 

lowest coefficients of variation for surface area concentrations over 

small and large spatial  scales. 

between different positions on a leaf suggests any spatial trends i n  

surface deposition t o  be "smoothed out" by a relatively large, less 

variable internal source. In another preliminary experiment, six sets  

of adjacent chestnut oak leaves were collected at  s i t e  6 and washed 

The lack of any significant difference 

using the disc method i n  one case and the whole leaf method i n  another. 

The-discs were cut from several portions of each leaf t o  assure a 

representative sampling of the whole leaf area. 

internal leaching are expected t o  be lost more readily from freshly cut 

Elements subject t o  

leaf surfaces, such as the discs, than from whole, intact  l'eaves. The 

analysis o f  the wash solutions indicated the following: Pb was 

somewhat, bu t  no t  significantly, h igher  i n  the whole leaf solutions; Cd 

and Zn were higher i n  the disc wash solut ion by a factor o f  2; Mn and 

SO; were both an order o f  magnitude higher i n  the disc wash 

solutions (Mn = 3.2 f. 0.2 mg/m , SO; = 120 c 20 mg/m ) t h a n  i n  

the whole leaf leachate (Mn = 0.24 

.. 

2 2 

2 2 0.03 mg/m , SO: = 13 c 6 mg/m ). 
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The method of calculating deposition from washings of sequentially 

collected leaves circumvents the internal leaching problem to some 

extent since deposition is calculated as the net difference between 

surface area concentrations at two points in time: 

DRL = (LSAC2 - LSACl)/At, 
here DRL = deposition rate to the leaf surface, LSACl = initial 

leaf surface area concentration, LSAC2 = final leaf surface area 

concentration, and At is the interval between leaf collections, 

resulting in typical units o f  ug/m day. 

made over relatively short time intervals the assumptions o f  stable 

2 If leaf collections are 

internal leaching levels may be valid. However there i s  considerable 

data in the literature which indicates that several major and some 

minor elements - show either a steady increase or decrease in leaf 

concentration and leaching on a monthly time scale during the growing 

season (see the discussion in Chapter V ) ,  making the use of the above 

equation over longer time scales tenuous. 

Since a similar consideration of the variability in leaf 

concentrations and leaching of trace constituents on a shorter time 

scale ( 4  t o  7 days) apparently does not exist in the literature, an 

experiment was designed to develop an internal leaching control. This 

involved artificially isolating branches of leaves, left intact on the 

tree which was being sampled sequentially. A set o f  leaf samples was 

collected and washed on 10/12/77, A t  the same time small branches at 

the four cardinal directions were sealed in large polyethylene bags in 

such a manner that several leaves were centered in the enclosure away 
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from the bag edges, 

the growing season were two-fold: 

development t h a t  changes i n  internal leaching o f  cations are most 

apparent as discussed i n  Chapter V ,  and ( 2 )  elevated temperature and 

relative humidity and depleted C02 w i t h i n  sealed bags o f  l i v i n g  

The reasons for  performing this experiment late i n  

(1) i t  is during this period i n  leaf 

leaves are known t o  adversely affect leaf physiology; thus this  

experiment was done under optimum atmospheric conditions i n  an attempt 

to minimize any adverse effects. The experimental period was 

characterized by relatively l o w  temperatures, overcast skies, and calm 

winds. By isolating these leaves, the assumption is t h a t  a t  the time 

o f  the subsequent collection any changes i n  leaf surface-area 

concentrations would be due t o  change i n  internal leaching alone since 

dry deposition had been excluded. Thus ,  on 10/15 the bagged leaves 

were collected and washed along w i t h  another set o f  exposed leaves. 

The results were as follows: 

Cd = 0.14 pg/m , = Mn = 0.66 mg/m , Pb = 5.2 pg/m , 
Zn = 6.9 g[m , SO; = 6.7 mg/m (cornposited samples from each 

direction); leaves bagged on 10/12 and collected 10/15, 
2 2 2 Cd = 0.34 ug/m , Mn = 0.56 mg/m , Pb = 4.8 pg/m , 

Zn = 6.4 pglm , SO: = 7.5 mg/m , and exposed leaves collected 

on 10/15 - Cd = 0.35 vg/tn*, Mn = 1.5 mg/m , Pb = 10 ug/m , 
Zn = 15 slg/m , SO; = 17 mg/m . 
concentrations between the exposed leaves collected 10/12 and the 

leaves bagged on 10/12 and collected 10/15 was quite good w i t h  the 

concentrations o f  Mn, Pb, Zn, and SO; i n  the protected leaves 

w i t h i n  7 t o  15% o f  t h e  levels measured pr ior  t o  enclosure. 

exposed leaves collected on 10/12, 
2 2 2 

2 2 

- 2  2 

2 2 

2 2 The agreement i n  surface-area 

However, 
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the concentration of Cd increased by a factor of % 2.5, apparently due 

to internal leaching. The surface-area concentrations measured for the 

leaves exposed from 10/12 - 10/15 were detectably higher than both o f  

the control levels, by factors of 2 to 2.5 for Mn, Pb, Zn, and 

SO;. HoweverB the surface-area concentration o f  Cd was 

essentially the same as that measured for the bagged leaves, again 

suggesting an increase in internal leaching as the primary cause. 

results of t h k  set of 'leaf collections could be used to estimate the 

The 

- bcrease in surface-area concentrations of SO;, Mn, Pb, and Zn 

attributed to deposition. However, the data for Cd suggests no 

deposition couTd be detected. 

internal leaf Teaching do not occur over periods of a few days i s  

supported by this experiment for the elements Mn, Pb, Zn, and SO;. 

The assumption that large changes in 

The Calculation of Atmospheric Deposition Rates: 
Some Operational Definitions and Limitations 

The initial assumption for using leaf leaching data to ca?culate 

atmospheric depasition rates is that the washing technique is - 

relatively efficient in removing surface deposited material. This i s  

probably valid' for relatively large, easily dislodgeable particles, but 

not necessarily for fine particles retained in leaf crevises. 

other hand, trace metals associated with these smaller particles occur 

i n  relatively soluble forms, as discussed in Chapter 111, and may be 

On the 

effjciently removed even though some residual, insoluble material is 

retained by the Teaf surface. 

Deposition rates calculated from the measured increase in leaf 

surface area concentrations over a given period of time may, in some 



cases, reflect  a change i n  internal leaching as well. This  is 

pa r t i cda r ly  true if time intervals between leaf collections are long. 

The data d:’scussed above suggest’ this could be a problem w i t h  Cd on a 

short time scale as well. In addition, the leaf washing technique may 

be less useful w i t h  the essentihl elements, which have a large internal 

pool, tkan w i t h  metabolically inactive trace elements. 

SO;, for exampleg may be leached from the leaves t o  such a degree 

as to make d i f f icu l t  the detection of a small increment i n  surface-area 

Mangarese and 

concentration due t o  at;iicspheric deposftion over short collection 

interval s . 
Because of ths constralnts o f  analytical sensit ivity,  i t  is o f t e n  

necessary t o  compromise short  sampling d u r p t i o n  for sample quantity. 

When sampling over t h e  period c f  a few days, the deposition surface 
/ 

( f l a t  plate or leaf) is subject to  variable atmos2heric phenornena. The 

sample obtained at  the end of t h i o  period is the integration o f  severnl 

processes which act t o  both deliver material t o  and remove i t  from the 

surface. 

impaction and sedimentation mechanisms, dry depositior: m d  tiptake of 

gases by adsorption and absorptlon mechanisms, wet dcposition and 

precipitation washoff, and particie resuspension. The comparison o f  

f l a t ,  inert collection surfaces w i t h  leaf surfaces is complic?ted by 

the non-comparibi l i t y  i n  surface microstructure, e lec t r ic  charge, 

wetability, chemical dynamics, and associated micrometeorological 

These processes include d r y  deposition of  particles by 

boundary layer resistance. 

In the followiiig discussion the deposition rates measured by the 

sequential leaf washing and deposition plate techniques w i l :  be 

i 
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discvssed and compared in detail using the data collected during the 

intensive 10 weeks of experimentaticn described in Chapter 111. For 

the above reasons and for tire sake o f  clarity jnd simplicity in the 

following discussions several operational definitions will be used. 

The available metal frsctfon o f  ambient aerosols and the associated 

relative solubilfty weye defined in Chapter 111. These terms retain 

their meaning when appifed to deposited material. 

following definitions will be applied to deposition determined by 

In addition, the 

-.various means: (1) net leaf retention (NLR) is the net change in leaf 

surface area concentration of an element divided by the interval 

between sample collections. A positlve value o f  NLR calculated during 

a period of no recorcied preclpitatim is attrjbuted to dry depGsition 

and is equivalent tc a dry deposition rate. Similarly a negative value 

measured - during a dry period represents element absorption by the leaf 

or particle resuspension loss. Values o f  NLR calculated during wet 

periods represznt either total depcsition retention (wet and dry). if 

positive, or material wash-off if negative, and (2) deposition plate 

retention (DPR) is the blank corrected surface-area concentration in 

the exposed pTate divided by the exposure time. Only positive values 

(or values below the detection limit) of DPR can occur. These are 

interpreted in a similar manner to the NLR values above depending on 

atmospheric conditions during the sampling period. 

Estimation o f  Atmespheric Deposition to 
Biological Receptors 

As part o f  the intensive sampling dur-ing the 1977 growing season, 

upper canopy chestnut oak leaves were collected st 5- to 10-day 

\ 
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intervals as discussed previously. 

the net change in leaf surface-area concentration divided by the 

collection interval. 

both wet and dry deposition many of the calculated net changes in 

concentration were negative, presumably indicating element loss due to 

surface wash-off during rain. 

analysis of net retention rates, although it should be clear to the 

reader from the plots of temporal variations in leaf surface-area 

concentrations (Figure 19), during which periods net losses were 

recorded. Because of the need to collect leaves at the initiation and 

end o f  each experimental period it was also possible to estimate leaf 

retention rates for intervals between experimental periods. Thus, 

there were actually 21 periods for which leaf deposition could be 

Deposition rates were calculated as 

Since several of the sampling periods included 

These values were not included in the 

estimated, comprising 22 leaf collections from 5/9/77 to 10/24/77. In 

additjon to period W 1 ,  one other period was sampled during which no 

rain occurred (10/17-10/24). 

The temporal variations in the leaf surface area concentrations 

f o r  each o f  the elements are illustrated in Figure 19. 

illustrated are the daily total precipitation volumes. It is apparent 

from the plots that processes influencing leaf surface area 

concentrations do not affect all of the elements similarly. Cadmium 

and Zn exhibit the most similar behavior with several of the 

fluctuations in Pb concentrations following the same pattern. 

Variations in Mn concentration are similar to the above mentioned 

elements only during a few experimental periods while variations in 

so; concentrations are considerably different from the other 

Also.. 
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Fig. 19. Temporal v a r i a t i o n s  'n l ea f  s u r f a c e  a rea  concent ra t ions  o f  
the a v a i l a b l e  Frac t ions  o f  Cd, Pb, and Zn ( t 3 p  graph),  and Mn 
and s u l f a t e  (bottom graph) ,  and d a i l y  r a i n f a l l  volume during 
the inter ls ive experimental per iod of the 1977 growing season. 
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elements studied. For example, the surface-area concentrations o f  a1 1 

elements increased during the dry period from 5/94/16 and all but 

SO; decreased during the following week, although only a brief 

shower was recorded. 

the following week which included a relatively large storm while Mn and 

SO; increased. 

Cadmium, Pb, and Zn continued to decrease during 

During the next few weeks the concentrations o f  

Mn, Cd, and Zn remained relatively constant while Pb peaked and 

decreased and SO: decreased considerably. 

variability, several trends are apparent in the behavior of each 

element. Concentration peaks were recorded for all elements during the 

early growing season, during mid July, mid August, and again at the end 

o f  the growing season. 

characterized by a general increase throughout the growing season 

toward peaks just prior to leaf-fall. 

exhibited a clear peak in concentration during the early growing season 

then decreased sharply to a relatively constant value. 

Despite the 

Manganese surf ace-area concentrations were 

On the other hand, SO; - 

The behavior of both Mn and SO: concentrations with time may 

be indicative o f  strong internal sources. 

Mn concentrations may be divided into two additive curves. One is a 

general increase in leachable Mn during the growing season while the 

other is composed of a series o f  shorter term peaks in surface-area 

concentration presumably related to wet and dry deposition and surface 

washing by rain. The increase in leachability during the growing 

season has been reported for several nutrient elements, with 

leachability generally highest during leaf senescence (see the 

discussion in Chapter V) .  

The pattern of variations in 

In addition, Guha and Mitchell (1965) have 
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documented the seasonal changes in trace element content of leaves from 

three deciduous species. Manganese was described as generally showing 
.) 

a continuous increase in concentration until near the end of the 

growing sezson, sim’lar to Ca and Mg. For an element as leachable as 

Mn (see the discussicn in Chapter V)  an increase in whole leaf 

concentration would be expected to result in a similar increase in 

surface-area concentr3tions if the pritrary source to the leaf surface 

is internal leaching. 

The variation in S G i  concentrations over the growing season 

is different from those of the other elements. The concentration of 

SO; washed frcm the leaf surface increased consistently during the 

first 30 days of samp7ing to a peak concentration in early Jbne then 

decreased sharply over the following 21 days remaining relatively 

constant or decreasing slight7y during the remainder of th2 growing 

season. 

the net leaching of SO; by precipitation passing through the 

forest canopy, as discussed in detail in Chapter V. Unfortunately, the 

work by Guha and Mitchell (1965) did not include analysis of temporal 

variations o f  SO; concentrations. 

fout?d exceptionally high leaching of P from leaves during the weeks 

directly following leaf ernergenw as conpiired tc\ the remainder o f  the 

growing season, with no peak in leaching durifig leaf senescence as seen 

for many elements. 

tissue indicated a simiiar pattzrn of P concentration. Since sulfur 

and phosphorois a.r? closely relatsd in plant systems one might infer 

This relatively well defined behavior was also reflected in 

However, Carlisle et al. (1966) 

The data o f  Guha and Mitchell (1965) for P in leaf 
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internal sulfur leaching t o  behave similarly. Turner e t  al. (1977) 

recently studied the relationship between N and S i n  foliege o f  Douglas 

Fir. Because of the known biochemical re la t ionship  between N and S i n  

protein and the necessity for adequate fo l i  w SO; concentrations 

fo r  N ut$l i ta t ion,  any S i n  excess of that  required t o  balance N was 

found to be accumulated as inorganic SO;. 

tha t  dur ing  the early growing season when maximum leaf growth occurs, S 

and N are active!y accumulated w i t h  any excess S available for leaching 

as SO:. 

i n  less leachable SO;. 

explanation i s  the additi'onal influence of dry deposition* The period 

dur ing  which SO; surface-area concentrations were increasing were 

characterized by h i g h  atmospheric suspentied loads, frequent a i r  

stagnation, and some o f  the hichest t o t a l  aerosol SO; 

concentrations measured (see Chapter- 111, Table 3 ) .  

Thus,  i t  is possible 

As growth diminishes, active uptake decreases resulting 

The obvious complication w i t h  this 

/ 

Ir; addltiion, these 

periods were also characterized by the highest deposition plate 

retention rates measured. Thus,  i t  i s  l ikely that  the temporal 

variation i n  the surface-area concentration of S O i  is the end 

result of both interrial and external processes a t  the leaf surface. 

Guha and Mitchell (1965) a1SG snalyzed the variaticjn i n  Pb and Zn 

conc2ntrations i n  whole leaves d u r i n g  the grgwing season. 

concentration of Pt decreased rapidly from May t o  &ne and then 

increased gradually toward the end of the growing season w i t h  a 

somewhat more rapid increase dur ing  leaf senescense. 

The 

The measured 

variations ir? Pb surface-area concentrations i n  chestnut oak leaves 

(Figure 19) dSd no t  behave similarly except perhaps near the end o f  the 
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growing season. 

behave differently among the 3 species studied. 

concentration was relatively constant throughout the growing season 

while the concentration in horse chestnut and sycamore leaves decreased 

gradually during the early growing season but increased considerably 

during October. 

leaves collected in WBW exhibited a similar change only at the end of 

the growing season. 

my indication o f  trace efement behavior in other deciduous species, 

they suggest that the shorter term variations in surface area 

Guha and Mitchell found the concentration of Zn to 

In beech leaves the 

Again the surface-area concentrations in chestnut oak 

If the results of Guha and Mitchell's research are 

concentrations of Pb and Zn may be attributed to surface deposition, 

although this assumption may be questionable when applied to periods 

near the end of the growing season. - 
The positive net leaf retention values calculated for sequential 

differences in leaf surface area concentrations are summarized in 

Table 15 along with the amount of precipitation recorded per period. 

As in the case of the deposition plate measurements, only two periods 

were sampled during which no precipitation was recorded, and thus 

_ -  

provide estimates of dry deposition alone ( W l ,  W 1 3 ;  at the beginning 

and end of the growing season respectively). One of these corresponds 

to a period during which deposition plates were also in use W1. A 

comparison o f  leaf and inert surface deposition be considered at the 

end of this chapter. The deposition rates of Cd and Pb differed by 

c 25% between the two periods (W1 and W 1 3 )  lending some support to the 

relatively small effect of internal leaching on the surface area 

concentration o f  these two elements. On the other hand the deposition 
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rate of Mn was %4.7 tSmes higher during W13 than Wl, some of the 

increase possibly due to increased internal leaching during leaf 

senescence. 

increased by a: factor af ~3 for perhaps the same reason, The dry 

deposition rate of S 

during W1 but was l o w e .  The reason for the difference may be the same 

Similarly the calculated dry deposition rate of Zn 

- - 
was within a factor of ~2 of the rate 

since SO: teaching is apparently higher during the early growing 

season. 

When t h e  'leaf re tion rates were paired with the meteorological 

and air quality parameters discussed in Chapter I11 for each of these 

periods no si'gnificant correlations were found. The only consistent 

trends in the data weme indicated by positive correlation coefficients 

between net Teaf retention and total air concentration of each element 

(ranging Pram r = 0.07 for Mn to r = 0.89 for S O i ) .  

is apparent that acc 

However, it 

lation rates of all elements but Zn are highest 

during periods of some measurable precipitation. The highest measured 

retention sates of CQ, Mn, and Pb occurred during periods with 1 to 2 

cm of precZpftat i on, Sle %he highest value for SO; occurred 

during W2 which included a brief shower of 0.13 cm. 

apparent fmm the time series plots of leaf surface-area concentration 

It is also 

that precipi,tation eveslts do not always result in a net decrease in 

surface-area concentr ions.. There were occasions during the 1977 

growing season where the same rain event was accompanied by an increase 

in the concertrat ion 

other events resul te 

the complexity of the leaf surface - atmosphere interaction. 

some elements and a decrease in others, while 

entirely different changes, further emphasing 
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As discussed in detail in Chapter 111 a series of 10 experiments 

of 4 to 7 days duration were performed during the 1977 growing season 

during which, in addition to the aerosol collections and solubility 

experiments previously discussed, both leaf and deposition plate 

collections were performed. Samples were extracted and analyzed for 

available element concentrations, and relative solubilities were 

determined. Several samples were examined in detail with both light 

and scanning electron microscopy to estimate particle size ranges for 

comparison with ambient aerosols. The comparison of physical and 

geochemical properties o f  suspended, deposited, and precipitation 

scavenged materials is the topic of Chapter VI. 

- Variations in Deposition Plate Retention 

Since the decision in the planning of the deposition experiments 

was to work in the field under ambient conditions it was expected that 

precipitation would occur on some occasions before the deposition 

plates could be retrieved. Thus, some fraction of the collected 

material would represent wet deposition, the amount of which could be 

estimated based on incident precipitation chemistry. 

experimental periods (2 were aborted due to electric power loss at the 

Of the 12 

.field site related to storm activity) only one (Wl) was completed 

during a period of no recorded precipitation. Another 5 periods (W2, 

3, 6, 7, 12) were characterized by single storm events with amounts 

< 30% of the depth of the deposition plates (Q 1.4 cm) while the 



rema’nder (W4, 5, 9, 11) included precipitation amounts greater than or 

equal to the depos:tion plate depth (prec+pitation volume/plate depth 

ratios ranged from 1.0 t o  8 .3 ) -  

indication o f  dry depcsition alone, 5 include wet plus dry deposition 

but small enough quant-ities of wetfal: such that no deposition plate 

overflow occurred (splash-cff may be a problem, however), while the 

Thus, one experiment is a useful 

remaining 4 were domiridted by wet denosition to such an extent that 

plate overflow occurred. Any deposition rates est;mated from these 

last four periods must be considered in light of the operational 

definitions discussed above as being a measure of net depcsition plate 

retention and do not warrarit rigorous analysis. Because of the 

possibility of rain-drop splash the periods of intermediate wetfall 

qounts should perhap: also be interpt-eteted with some restraint, 

is especially true if the storm was relatively intense and occurred 

near the end af the sampling period. 

Wl2) were chzracterired by somewhat more intense storms w!tjch occurred 

This 

- 
O f  these 5 periods t w o  (W7 and 

late in the sampling period. Periods W3 and W6 included early, less 

intense storms, while period W2 included one event of relatively low 

intensity which occurred at the approximate midpoint o f  the sampling 

interval 

The quantity of material captured and retained by the depcsition 

plates at several locations i s  summarized in Table 16 for the 10 

experimental periods. The deFosition plate retention is exp;nessed in 

terms o f  the mean rate of accumulation on the deposition plate over the 

full sampling ir?t.erval, normalized t o  unit surface area m d  time, in 

other words in terms of a depcsition rate. These values are raw data, 
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Table 16. Deposition plate  retention o f  t h e  available metal iind sulfate  f ract ion a t  various locations 
sampled d u r i n g  each of the 10 intensive sampling periods. Also indicated are  the precipitation 
character is t ics  of each period. 

Deposition plate  retention 
Precipitation Location of 

Volume Oeposi tion Pb 
Period (cm) Plates Cd Mn (ug/m2-day) Zn so; 

w l  0 

w2 0.13 

w3 

w4 

w5 

W6 

K7 

w9 

. 
Y11 

w12 

0.30 

1.50 

11.60 

0.20 

0.20 

1.40 

8.41 

0.38 

UCa 0.034*0.01 qb 1 5+5 
LD 0.047*0.011 24t4 
uc 0.29d 37 
LC 
uc 
LC 
uc 
LC 
uc 
LC 
uc 
LC 
F F ~  
TTf 
uc 
LC 
FF 
TT 
uc 
LC 
FF 
TT 
uc 
LC 
FF 
TT 
uc 
LC 
FF 
TT 

0.19 
0.20 
0.07 
0.16 
0.028 
0.10 
0.030 
0.069 
0,056 
0.150 
0.069 
0,085 
0.10 
0.1 5 
0,066 
0.23 
0.51 
0.55 
0.23 
0.090 
0.095 
0.085 
0.059 
0.081 
0.14 
0.12 
0.052 

140 
51 
62 
40 
73 

1.9 
5.9 
22 

270 
7 .O 
6.1 
120 
23 0 
3.9 
6 .8 
102 
132 
1.1 
2.5 
25 
32 

1.4 
5.9 
40 
50 

4.9 

ao 

3.7i0.6 
3.320.3 

16 

6.2 
7.1 

10 
16 

6.7 
4.2 
6.3 
8.1 

8.4 
5.4 
16 
20 

9.6 
5.5 
9.3 
8.7 
3.6 
2.6 
9.2 
5.6 
4.1 
3 .8 
9.1 
7.8 
5.7 

18 

8.3 

90021 10 2.0k2.0 
1.4t0.9 1200t400 

3.2 8700 
2.4 9800 
1.6 4300 
1.4 47 00 
0.29 2300 
1.6 43 00 

0.02 67 0 
1.8 3100 
2.3 4600 

0.97 21 00 
0.94 1200 

0.20 780 

- 13 aooo 

2.2 3000 
10 , 6200 

0.82 1200 
9.9 1900 
28 24 00 
45 57 00 

4.5 1100 
3.6 6 20 
7.3 1900 
8.6 3 000 
4.1 a30 

%C = upper canopy. 

b r * u ,  n s i .  

'LC = lower canopy. 
dCanposite a m l y s i s  o f  deposition plates a t  four cardinal directions.  

e~~ = forest floor.  

fTT = tower top (meteorological tower, 23 m above the forest  canopy). 
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not "corrected" for any possible wetfall input. Also indicated are the 

precipitation amounts measured during each period, Note that during W1 

the deposition plates were analyzed separately rather than being 

composited to provide some indication of spatial variability while 

during the remaining periods the samples were composited. 

standard deviations for the W1 data are expressed relative to the 

means, the resulting coefficients of variation for upper and lower 

canopy plates are as follows: 

and SO; 10-35. 

those for the leaf surface area concentrations discussed above. Once 

again the point is that for temporal differences to be meaningful they 

When the 

Cd 25-40, Mn 20-35, Pb 10-15, Zn 65-100, 

The deposition plate values are generally lower 

must be .on the same order as the degree of spatial variability. 

It is apparent from the data in Table 16 that the temporal 

variations are in general large, in many cases ranging over an order of 

magnitude for samples collected at any one location. 

comparison the data is summarized in Table 17 in groups of experiments 

during which deposition plates were used in various locations. 

o f  the problems concerning large rainfall volume, the periods W4, W5, 

For further 

Because 

W9, and Nlf were eliminated from the data set. 

canopy accumulation rates can be compared for all remaining experiments 

(i.e., Wl, 2, 3, 6, 7, and 12), while upper, lower, forest floor, and 

above canopy can be compared for periods W6, W7, and W12. 

in deposition measured at the various deposition plate locations may 

provide some insight into the processes controlling element 

accumulation on the inert surfaces. For the full data set a 

Thus, upper and lower 

Differences 
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non-parametric t e s t  was applied to. t e s t  for s i g n  

difference betweem the accumulation rates i n  the 

ficance crf the 

upper and lower 

canopy. 

blolfe, 1973) was appl?ed t o  the fctllowing n u l l  hypothesis: 

difference between the lover snd upper canopy accunulation rates 

(LC-UC = 0) is such that 0 > 0, implying higher accumulation rates i n  

lower campy samplez. The results of the tests indicate t h a t  the n u l l  

hypothesis cculd not be rejected for Mn, Pb, and SO;, b u t  could be 

rejected for Cd and Zn. 

Wilcoxson's distribution-free signed rank t e s t  (Hollander and 

Ho, the 

'+ 

The greater accumulation rate of Mn, Pb, and SO; i n  the lower 

canopy can be relatcd t o  a number o f  possible explanations: the 

primary par t ic le  source may be ground level soil  d u s t  resuspension; 

par t ic le  resuspension ft-om upper canopy elements may result  i n  

accumulation on lower canopy elements; or external particle washoff and 

internal element leaching from upper canopy leaves may transport more 

material t o  the lower canopy. 

forest  landscape because o f  the limited areas of exposed soil  and the 

attenuation of turbulent mixing near the forest f loo r  because o f  the 

presence of the canopy. 

the la t te r  two prceesses can be seen from the ratios of lower canopy t o  

upper canopy accunulation rates dur ing  periods w i t h  different 

quantities of precipitation. 

upper canopy ratios are  > 1 for  Cd, Mn, and SO: and < i for Pb and 

Zn bu t  a l l  values are w i t h i n  40% of 1.0 except for  Mn (1-6)- 

.wet periods botil t h e  quantity of precipitation and tide of the event 

had an effect on the ratios. 

The f irst  mechanism is unlikely in a 

Some indication of the relative influence o f  

During the dry period ( W l ) ,  the lower t o  

For thz 

These ratios are SUmarized f n  Table 18 

I 
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w i t h  the volume of rain per period and the relative time of occurrence 

o f  the rain event. 

several processes must be influencing the relative quantity of material 

retained by each deposition plate. There does appear t o  be a trend of 

increasing lower/upper canopy ratios as the relative time of occurrence 

I t  is clear from the v a r i a b i l i t y  i n  the data that 

of the rain event increases. Th i s  suggests that  precipitation washing 

o f  upper canopy leaves is more important i n  regulating the downward 

f l u x  of material through the forest  canopy than is turbulent 

resuspension from upper canopy elements and recapture by lower canopy 

elements dur ing  dry periods. T h i s  agrees w i t h  results of laboratory 

and wind tunnel experiments reported by Carlson e t  al. (1976) for Pb 

particles on plant leaves. 

(since many of the coefficients of variation are ~ 5 0  t o  100%) the 

accumulation of Pb, Zn, and SO; are significantly increased on 

deposition plate surfaces i n  the lower canopy only dur ing  W7 and W12 

Assuming a ra t io  o f 2 2  t o  be significant 

when the precipitation was preceeded by relatively long dry periods 

( ~ 7 0 - 8 0 %  o f  the sampling duration). 

Mn, although the ratios during 616 and W2 are anomalously h i g h .  

are no clear relationships between precipitation volume and lower/upper 

A similar situation exists for 

There 

canopy retention ratios,  indicating that element removal from leaves 

proceeds rapidly following in i t i a l  wetting of the surfaces. 

been previously reported by Tukey et al. (1965) for elements leached 

internally and by Carlson e t  al. (1976) for micron sized Pb particles 

deposited on leaf surfaces. The lower/upper canopy ratios for Cd 

This has 

indicate a relatively small effect  of the removal of upper canopy 

deposited material during wet or dry periods. Since this is true even 



152 

during periods W7 and W12, which experienced precipitation late in the 

sampling period, it suggests that dry deposition is relatively 

unimportant in the total deposition of Cd. 

further in Chapter VII. 

This point is considered 

The effect of an increased number of upper canopy elements on 

below canopy accumulation can be seen in the data in Table 17 for the 

three experimental periods when deposition was also measured at the 

tower site above the canopy and on the forest floor at site 6. 

accumulation rates of all elements follow a trend of increasing from 

The 

,. upper canopy to lower canopy to forest floor, or as depth of canopy 

elements over the deposition pl ates increases. However, the 

accumulation rates of Pb show little additional increase from lower 

canopy to forest floor. 

Also presented in Table 17 are the accumulation rates measured at 

the tower top, Q 23 m above the forest canopy. This location is o f  

interest for two reasons; it is far removed from any canopy element 

influence such as splash off from adjacent leaves, and is in a 

generally more accessible location. If accumulation rates are 

comparable with those measured at the canopy-atmosphere interface, it 

would allow the approach to be more easily utilized at other forested 

s i tes  where towers are often available and more accessible than the 

equipment necessary for intensive upper canopy sampling. 

- 

As indicated 

in Table 17 the accumulation rates are in fairly good agreement. 

Because of the variability, they are more easily compared as the mean 

above canopy/upper canopy ratio for the 5 experimental periods as 

follows: Cd = 0.81 f 0.18, Mn = 0.50 +- 0.26, Pb = 1.4 +- 0.4, 
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Zn = 0.84 -+ 0.37, SO; = 0.87 -C 0.30. 

surprisingly comparable for a11 elements. T5e ratios w e  significantly 

differeqt f m m  1 only for Mn, but the somewhat lower values for Cd, Zn, 

and SO:, as well as Mn, may indicate a leaf splagh effect for 

these elenents at the upper canopy location. 

susceptible to this problem, as evidenced by the factor of 

difference, ayrzes with the high leachability of this element from 

The two methods appear 

The fact that Mn is most 

2 

chestnut oak leaves. 

in the above canopy deposition plates is unknown. 

The reason for the higher rate of Pb accumulation 

Some indication cf the parameters influencing upper canopy 

deposition plate accumulation rates can be seen by comparing the 

deposition plate retectior; data in Table 16 with the meteorological arid 

atmospheric conditions characterizing each of the experimntal periods 

as suriinarized in Table 3, Chapter 111. Bulk deposition rates might be 

expected to correlate with precipitetion amount and atmospheric 

particle load (TSP).  Since both wet arid dry deposition were involved 

during all of the experimental periods except W1, this period was Rot 

included in the analysts. 

the relationships between depositior. plate accumulation rates and 

precfpitation volume and TSP. 

coefficients with rain volume were significant, they were all negative 

Correlation coefficients were determined for 

Although none of the correlation 

indicating %ore efficient cleansing of the deposition surface or 

dilution o f  the deposited material during large storms. 

the two periods o f  considerable quantities of rain ( X 5 ,  al l )  were 

However, whqn 

removed from the data set, the recomputed ccrrelation coefficients were 

positive or wSthin 3% o f  zero on the negative side. Thus, it is 
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difficult to define any strong trends between precipitation volume and 

deposition plate retention. The correlation coefficients with TSP 

concentration were positive and significant (P 

SO;, but insignificant for Mn and Zn. Thus, all of the 

atmospheric conditions related to increased TSP loads, discussed in 

Chapter 111, also result in increased deposition plate retention. 

These parameters include precipitation amount and durations atmospheric 

0.05) for Cd, Pb, and 

stability, and frequency o f  air stagnation events. However, except for 

SO;, the deposition plate accumulation rates are not simply 

related to the total elemental concentrations in the air. The 

correlation coefficients between elemental concentration in the total 

aerosol fraction and deposition plate retention were all positive and 

insignificant for Cd, Pb, Mn, and Zn, but highly significant for 

SO; (P - -  < 0.01). 

of the fact that SO; i s  a major, and reratively constant, 

component of the total aerosol load (SOi/TSP ranging from 0.22 to 

0.31). 

This high correlation coefficient is a reflection 

Dry Deposition to Upper Canopy Elements 

As discussed above only period W1 of the intensive experiments was 

completed without the complication of precipitation. 

certain of the remaining periods it was possible to subtract the wet 

deposition input from the measured deposition plate retention to yield 

However, for 

the input due to dry deposition alone. Thus, average daily dry 

deposition rates were calculated as follows: 
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SACI)p - (CIp'Vrp) 
9 t DDR = 

2 where DDR = dry deposition rate in vg /m day, SACDp = surface area 

concentration o f  an element retained in the dry deposition plate at the 

end o f  the sampling period in vg/m , CIp = concentration of the 

element in i,ncident precipitation in pg/l, VIP = volume of incident 

precipitation occurring in mm, At = duration of sampling period in 

days. 

meteorological tower using automatic wetfall only collectors described 

in detail in Chapter V. 

the resulting dry deposition rates are summarized in Table 19 for 

periods W1, 2, 3, 6 and one preliminary experiment of relatively short 

duration (KO, 8.8 days). 

periods-with moderate amounts of rain (W7, W12), these storm events 

2 

Wet deposition was sampled above the canopy at the 
i 

The data required for these calculations and 

Although there were two other experimental 

were somewhat more intense and occurred near the end of the 

experimental period. 

these two periods were corrected for wetfall input, negative values 

resulted f o r  some elements. 

splash-off removal during these events, this data was not included in 

this analysis. 

When the deposition plate net retention rates for 

Since this suggested significant 

A statistical summary o f  the dry deposition rates o f  both the 

available element fraction and water soluble fraction is presented in 

Table 20. The mean deposition rates for the water soluble fraction are 

based only on the two deposition experiments during which no 

precipitation was recorded, since the material deposited during wetfall 

was characterized by an unknown, but presumable high, relative 
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Table 20. S t a t i s t i ca l  summary of experimentally measured dry deposition rates  o f  
water soluble and available metal fractions t o  upper canopy ine r t  sur- 
face+. 

Dry deposition, r a t e  (pg/mz-day) 
._ S t a t i s t i c  Cd Mn Pb Zn so; 

Mean 

Avai 1 ab1 e f ract  i on 

0.072 25 6.5 1.4 1500 

Standard 
devi a t  i on 0.075 13 4.9 0.73 1300 

Minimum 0.006 14 2.9 0.77 ' 600 

Maxi mum 0.18 46 15 2.3 3700 

Coe f f i ci en t 
o f  variation (%) 104 52 75 52 86 

Mean 

.Water soluble fractionC , _-- 
0.053 10 1.1 0.94 15011 

aPeriods W 0, 1 ,  2 ,  3, 6. 

bAvailable fraction = water soluble p lus  d i l u t e  acid leachable. 

'Periods dur ing  which no precipitation was recorded, WO and W1 only. 



s o l u b i l i t y  which could not be factored i n t o  these calculat ions. Over 

the  5 periods sampled thz v a r i a b i l i t y  i n  deposition rates o f  Mn and Zn 

were surpr is ing ly  low, wi th  coef f i c ien ts  o f  var ia t ion  2 50%. Any 

conclusions regarding the var ia t ions i n  Zn dry  deposition rates between 

the  5 expa-inental periods must be considered tenuous since the s ing le 

t r e e  spat i  a1 v a r i a b i l i t y  i n  dry  deposition rates measured during W 1  

(Table 16) actual ly  exceeded the temporal v a r i a b i l i t y  over the 5 

per i ods . 
The temporal v a r i a b i l i t y  o f  the dry deposition ra te  o f  Mn was 

somewhat larger than the $ ing le  ,ree spat ia l  v a r i a b i l i t y ,  whi le f o r  ,he 

remaining elements the temporal v a r i a b i l i t i e s  were considerably larger  

than the spat ia l  va r fab t l i t i es .  

was considerably higher than those tjf the trace consti t i ients as would 

be predicted from the a i r  concentrations {Chapter 111). The r e l a t i v e  

order o f  d ry  deposit ion input was SO; i> Mn > Pb > Zn >> Cd i n  the 

r a t i o  of 21000 : 350 : 90 : 20 : 1. This does not r e f l e c t  the r e l a t i v e  

The dry  deposition ra te  o f  SO; 

- 

abundance o f  these elements i n  the t o t a l  aerosol f r a c t i o n  which was as 

fol lows: 

55 : 30 : 9, However the r e l a t i v e  order o f  input does coincide w i th  

the  atmospheric abundance of these elements i n  the largest p a r t i c l e  

s ize class sampled (class 1, aerodynamic diameter Q 7 t o  8 pm), which 

occurred i n  the fo l low ing  order and r e l a t i v e  abundance: 

>> Mn = 85 > Pb = 50 > Zn = 20 > Cd = 1. The abundance ra t i os  f o r  

SO; >> Pb > Mn 3 Zn >> Cd i n  the r a t i o  o f  86000 : 740 : 

SO; = 13000 

SO:, Pb and Zn i n  d ry  deposit ion agree t o  w i th in  %40% o f  these 

values. 

p a r t i c ? e  atniospherfc abyndance would indicate, however. This could 

The re la t - ive input of Mn i s  ~4 times higher tnan i t s  large 
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be related to  the capture o f  internally cycled organSc material (frass) 

by the deposition plates, the leaching of which would be expected to 

release relatively m r e  Mri t han  the other elements o f  interest. 

However depcsition Flates oSviously contaminated w i t h  leaf fragments 

were either exciuded from the leaching procedure or, if possible, the 

organic material removed prior t o  leaching. A more probable 

explanation is that the atmospheric concentration of  Mn i n  the large 

particle mode was underzstimated by tne Andersen cascade impactor. As 

discussed i n  Chapter 111, these samplers have been the subject o f  

recent criticism regarding their  efficiency to  collect "large particles" 

(2 10 m). The experiments; cornparism between the two impactors 

during period W12 d i d  indicate an Q 35% h'igher Mn ccncentration i n  size 

class 1 as measured by the modjfied jmpactor relative t o  t?e standard 

impactor. 

that  an Anderson impactor, modified t o  provide isokinetic sampling, 

Davidson (1977) has recently presented expwimeni,al evidence 

resulted i n  collection of a considerably greater (2  t o  3 times) mass o f  

particles > 10 ym aerodynamic diameter for the birrredally distrfbuted 

elements Cd dnd Zn and for  the predominantly small particle elcment, Fb. 

The indication that dry deposftion of the available element 

fraction is related t o  the large particle atmospheric concentration 

suggests that the material collected by the deposjtion plates results 

pr  ?'mar i Jy from sediment a t  i on mechan i sms, or 1 arge particle impact ion 

processes. Although the captured particles cauld not be 

aerodynamically sized, scrrie indication o f  the general particle size 

range was determined by a combination o f  l i g h t  dnd scanning electron 



rnicroscopj c f  deposition plate surfaces p r i o r  t o  leaching. The results 

of these semi-quantitat i ve analyses are sumnarized elsewhere (Table 44, 

Chapter VI) along w i t h  a similar analysis of particles collected on 

several stages o f  the Anderson i m p x t o r .  The size distributions o f  

both reccgnizeable f 1 j  ash and unrecognizeable "particles" retained by 

depositSsn plates ar2 strongly influenced by particles of 

diameter, such that the number median diameter of f l y  ash is 'L 5-10 pm 

and that  of nondescript particles i s  > 10 pm. Al though  several small 

(< 1 m) f l y  ash parttcles were observed, they were generally i n  

aggregates. Whether the material was deposited i n  this form or 

aggregation occurred dur ing  wetidry cycles on the deposition surface is 

10 vm i n  

unknown. T h i s  p o i n t  i s  ccnsiderd further i n  Chapter VI. The size 

range o f  material collected by the upper stages o f  the impactor was 

somewhat narrower t4an t h a t  co?lected i n  the deposition plates, the 

major difference occurring the diameter of the large f l y  ash particles 

collected. The impactor collected nondescript particles of a cirnilar 

diameter to  those deposited on the inert surfaces. However f l y  ash, of 

generally greater density, was less efficiently collected by the 

- 

impactor as evidenced by the 'large difference i n  the diameters of the 

largest particles collected. T h i s  lends evidence t o  tke contention o f  

Davidson (1977) t h a t  further modification of the Andersen impactor is 

necessary for more eff ic ient  collection o f  lzrge particles. The 

smallest particles col7ected by the upper impactor stages were smaller 

i n  diameter than predicted by theory; however, these particles were few 

i n  number and generally occurred i n  aggregates. 

i 



The observed par t ic le  size distribution of material retained by 

the deposition plates provides further evidence for the importance of 

t 9 mechanisms of sedimentation and large particle impaction. Because 

f a 1  l i n g  particles accelerate u n t i l  reaching a terminal velocity it i s  

possible t o  estimate the particle size range most l ikely t o  be 

influenced by sedimentation removal. 

particle density, aerodynamic diametnr, and a i r  viscosity, b u t  has been 

estimated for r i g i d  spheres of u n i t  density by Isrcel and Israel 

The terminal velocity depends on 

' (1973). These velocities are as follows for  particles of radii 0.1, 

1.0, and 10 m: 2.3 x 

I t  is apparent that  ?ar t ic les  on the order of 5 t o  10 un i n  diameter or  

cm/s, 1.3 x lo'* cm/s, and 1.2 cm/s. 

larger are most l ikely t o  he revoved by sedircentaticn processes. 

is i n  agreement with experiaental results o f  Sehmel (1973) who has 

shown t h a t  for a smooth surface and a t  relatively low windspeeds, 

T h i s  

sedimentation governs deposition. 

o f  Sedimentation in depositicn t o  f l a t  surfaces is presented i n  the 

Further evidence of the importance 

work by Davidson (1977). F r G m  measured particle size ranges o f  Pb, Cd, 

and Zn us ing  the modi#ied Anderson cascade impactor, Davidsm 

calculated the t o t a l  deposition due t o  particle sedimentation by 

integrating over 15 par t ic le  size classes. The calculated fluxes were 

compared w i t h  those measured t o  f l a t  teflon discs exposed 

simultaneously w i t h  the impactor collections. Measured sedimentation 

was determined by subtracting the measured f l u x  to downward facing 

plates (which presumably collect particles only by impaction) from the 

f l u x  t o  upvrard fzcing pjates. The results of calculated m d  measured 

sedimentation were i n  reasonable agreement ( w i t h i n  15% for  Pb and Zn, 
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within a factor of 2 to 3 for Cd). 

bottom plates indicated that the sedimentation process was responsible 

f o r  64 to 78% o f  the deposition. 

the top and bottom surfaces revealed that the ratio o f  ?arge particles 

( i  10 prn) in the top plate t o  those in the bottom plate was Q 23, 

leading t o  the conclus?on that trace metal deposition to bottom plates 

was primarily due t o  smal? particles. 

The measured fluxes to top and 

Optical microscopic examination o f  

There have been several measurements of particJe deposition in 

both rural and urban areas, with the element Pb of primary interest. 

For comparison several o f  these I1dry" depxition rates are summarized 

in Table 21 (many of the. original references did not specify whether 

prscipitatioi? occurred dur-icg exposure of the deposition collectors). 

I t  is difficult to cmpare absolute deposition rates between these 

studies due to different methodologies in particle callection, surface 

leaching, and analysis. However, there is a general trend o f  

increasing trace meta: deposition associated wit9 increasing human 

activ9ty. Most of the reported deposition rates are f o r  acid 

digestible fractions although the particles are often renoved from the 

deposition surface by a distilled water wash prior to digestion. 

depositior, rates of the avcilab?e trace metal fraction t o  WBW can be 

modified to reflect total metal deposition using the total 

metal/available metal ratios discussed earlier. These values are as 

follows: 

Zn = 77 pg/m day. 

trace metal deposition t o  WBW is comparable with the higher values 

measured at remote sites and lo'der values measured at subcrrban sites. 

The 

2 2 2 

Gfven these deposition rates it is apparent that 

Cd = 0.60 pg/n day, Mn = 140 ug/ts dsy, Pb = 53 uy/m day, 
2 

! 
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Table 21. Dry deposition t o  iner t  surfaces measured a t  diverse locations 

Dry depositien ra te  (ug/m2-day) 
Airskd 

Location Surface type Cd En P t  Zn so; 

Pacific Ocean 
offshore buoy 

French Congo 

San Gabriel Mountains 

Central Wales, U.K. 

Shetland Is.. U.K. 

Catalfna, Is. 

Ensenada, Mexico 

5. W. france 

Oslo, Norway 

Central S: England 

W B W  

Toulocse, Frhnce 

LaJolla, Calif. 

Los Angeles Basin 

LOS Angeles Sburbs  

Los Angeles Coastal 

Pasadena 

Central Los Angeles 

New York City 

il 

b 

a 

C 

C 

a 

d 

b 

e 

C 

f 

b 

d 

a 

a 

a 

a 

a 

9 

mar ice 

SsnOth 
ont<nental 

rmote 
cont inentdl 

remote 
coctinental 

r w o t e  
coestal 

r m t e  
cops t a  1 

remote 
ccahtil  

r*wal 

rural 

rural  

rural to  
suburban 

residential  

su bur b3 n 

suburban ~ 

suburban 

suburban 

suburban 

urban 

urban 

0.08-0.38 

--- 

0.07-1 .O 

BO 

BO 

-- - 
-- - 
--- 
-- - 

BO 

0.07tC.07 

--. 
-- - 

0.7 -3.6 

1.1 -2.0 

0.27-1.6 

0.7 -3.6 

1 -2.4 

20 

4-50 

0.53 

22-40 

30 

40 

3-690 

79 

7.4 

75 

50 

6.5t4.9 

24 

76 

280-81 0 

47-330 

25-140 

200-810 

1000-22,000 

1500 

1.2-20 

23-25 

40 

50 

0-1 700 

35 

-..- 
--- 
40 

1,4+0.1 

--- 
65 

73-340 --- 
22-4 00 --- 
6-160 *-- 

73-340 7 20 

740-1 500 - -- 
2600 -- - 

- - 
*Teflon plates (Oavidson, 12177). 

. bPluvianeter (Servant, 1976). 

CFflter paper (Cawse. 1975). 

dPolyethylene buckets (Hcdge. e t  a l ,  1978). 

'Snow surface (Ooveland and Eliasson, 1976). 

f?olyethylene plates ( th i s  study). Values given are for the available element fractions only. (mean t standard 

9Polypropylene buckets fZisenCud and Kneip, 1975). 
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This  is an agreement w i t h  the conclusions presented i n  Chapter I11 

regarding the aerosol concentrations over WBW. 

deposition rates measured i n  WBW (Table 20) are compared w i t h  those 

reported i n  the study by Hodge et al .  (1978) a t  Ensenada, Mexico and 

LaJolla, California, the conclusion is similar. The soluble metal 

concentrations measured by Hodge e t  al. were as follows: 
2 pg/m day): 

Cd = 0.03, Mn = 15, Pb = 2, Zn = 2. 

the soluble trace metal fractions are more similar t o  those measured a t  

the remote coastal s i t e  than those measured at  the suburban coastal 

s i te .  

When the soluble metal 

( i n  

LaJolla, Cd = 0.31, Mn = 16, Pb = 38, Zn = 41; Ensenada, 

Thus the WBW deposition rates fo r  

The data discussed t o  t h i s  point suggest the proximity o f  WBW t o  

the three local coal f i red  power plants apparently has l i t t l e  effect on 

the dry deposition ra tes  of  trace metals t o  f l a t  surfaces. 

large- number o f  parameters which can influence dry deposition rates -it 

will be di f f icu l t  to  isolate  the atmospheric and surface 

characteristics having the most significant effect  on this limited data 

set. Unfortunately support ive meteorological and a i r  quality data was 

not evaluated dur ing  the preliminary experiments, further l i m i t i n g  the 

data to  the four periods d u r i n g  the 1977 growing season ( W l ,  2, 3, 6) .  

As described i n  Chapter I11 these periods were characterized by several 

parameters, o f  which the following might be expected t o  influence dry 

deposition rates: 

load, fraction of TSP > 7 urn i n  aerodynamic diameter, atmospheric 

saturation frequency, atmospheric s tabi l i ty ,  wind direction frequency 

Given the 

leaf surface wetness, a i r  stagnation frequency, TSP 
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from local sources, elemental mass median diameter, elemental air 

concentration, and fraction o f  the air concentration of an element 

occurring on particles > % 4 ~.lm aerodynamic diameter. Many of these 

parameters were sumnarized in Tables 3 in Chapter 111, the remainder 

are presented in Table 22. Consistent relationships between dry 

deposition rates and the parameters discussed above were identified 

using correlation analyses. Because of the limited data, these 

relationships should be regarded cautiously, but may be useful 

indicators from a mechanistic standpoint. Despite these limitations 

several consistent relationships were revealed, as sumarized in 

Table 23. Parameters not included in the table did not produce any 

correlation coefficients with absolute values > 0.70 (an arbitrary 

cutoff) 

The most consistent trends appear to be related directly or 

indirectly to atmospheric loading. 

Zn, and SO; all increase with increasing air stagnation frequency, 

which was shown in Chapter I11 to have a significant effect on 

atmospheric concentration in the total aerosol fraction. 

this effect, these same elements also show an increase in dry 

The dry deposition rates of Cd, Pb, 

Related to 

deposition rate during periods characterized by higher TSP levels. 

anticipated this relationship i s  also reflected in the elemental air 

concentration o f  the total aerosol fraction, being significant for Cd, 

As 

Pb, and SOi. Thus dry deposition of 4 of the 5 elements studied 

appears to be determined principally by atmospheric concentrations of 

the total aerosol fraction. This would imply that the same mechanisms 

which influence aerosol loading alsa influence dry deposition rates. 
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Table 22. Further a i r  qual i ty  i n d  meteorological parameters characterizing the experimental 
periods of dry deposition measurement (see a lso  Table 3, Chapter 111) 

Fraction of Elementalb f rac t ion  associated 
Surface TSPa,3. 4um w i t h  par t ic les  >%3.4pm aerodynamic 
wetno,ss aerodynamic diameter (X )  

Period frequeccy (%) diameter (%) Cd M n  Pb Zn SO; 

w1 7 

w2 10 

w3 1 

W6 17 

42 51 56 9 30 4 

35 22 49 5 15 3 

3% 19 36 8 2 4 

25 -- 38 51 6 17 5 

'TSP = to ta l  suspended pa r t i c l e  load. 

bAvailable rnetcl and soluble su l f a t e  fractions.  

<.- 
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This conclusion is supported by the work of Eisenbud and Kneip (1975). 

In their measurement of the dustfall of 9 trace elements in New York 

City, monthly dry deposition was strongly related to ground level air 

concentrations. 

The dry deposition rate of Mn in WBW is not influenced by any 

factor related to atmospheric loading. The correlation coefficients in 

each case were very near zero. Manganese deposition did increase with 

the frequency of winds from the west and southwest directions. Since 

Mn is believed to be derived primarily from surface soil dust 

resuspension, this deposition is presumably unrelated to power plant 
i 

emissions. However, during the study period forest clearing 

activities, involving 400 to 500 acres, were prevalent in this general 

direction from the watershed. Site preparation in these areas involved 

considerable disturbance of the s o i l  surface as well as burning o f  

slash, all of which result in suspension of large Mn bearing 

/ 

particles. The relatively low efficiency of the Andersen impactor to 

collect very large particles, such as would be generated and 

resuspended during soil abrasion and which would be primarily- subject 

to sedimentation deposition, would account for the lack o f  a 

relationship between Mn deposition and air concentration. 

There does appear to be some relationship between deposited and 

suspended Mn however, as reflected by the correlation coefficient 

between Mn deposition and the relative concentration of Mn-bearing 

particles o f  - > c ~ 4  um aerodynamic diameter. Periods characterized by 

high Mn dry deposition rates are also characterized by low fractions of 

aerosol Mn in the larger particle size classes collected by the upper 
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impactor stages. 

relative concentrations o f  the large particle fractions during periods 

o f  high dry deposition rates, although the correlation coefficients 

were not significant. 

the frequency of W - SW winds, the dry deposition rates of the other 

elements all increase as the frequency of winds from "other" directions 

increase. This is related to the associated increase in air 

concentration of these elements with these winds and lends further 

support to the lack o f  any strong local source effect on the 

atmospheric loading and dry deposition o f  this group of elements. 

Lead and sulfate exhibited this same trend of lower 

A1 though Mn deposition apparently increased with 

The lack of any apparent local source influence on deposition 

rates and the indication that much o f  the deposited mass i s  in the 

- > 10 vm size range may seem contradictory. 

in the literature of the apparently long-range transport of particles 

However, there are reports 

of this size. Lindgren and Paulus (1973) detected a significant number 

of  particles as large as 100 urn in an area with no obvious local 

source. 

primarily in the size range 25 to 120 urn comprising Q 90% of the total 

mass deposited. 

Johnson's (1976) detection o f  particles up to 55 urn at heights 300 m 
above St. Louis, evidence of large particle Pb in the atmosphere by 

Gillette and klinchester (1972), and the measurement of up to 17% of the 

Pb, 38% of the Zn, and 37% of the Cd i n  urban aerosols associated with 

particles of > 10 

Dustfall plates at -the same location collected particles 

Further reports o f  large particles have included 

aerodynamic diameter by Davidson (1977). 

The work of Chamberlain (1975; see also the recent review by 

Montieth, 1975) indicated the increased efficiency of particle capture 
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by wet or sticky sui-faces. !lowever there was no indication in this 

data set that drj deposition rates of trace metals increased as 

relative duratior! of surface wetness increased. Although there were no 

strong relatfonsh-ips between surfacc wetness and trace metal deposition 

rates, there was a significant positive correlation between SO; 

deposition and surface wetness duration. 

dry deposition -rate of SO; increased during periods of extended 

leaf wetness may have been related to SO2 deposition. 

may be incorporated into fog draplets during nucleation and be 

deposited on surfaces xith hign efficiency (Chamberlain 1975; Fowler 

However, the reason that the 

Oxides of S 

and Unsworth, 9974). 

to rapidly accumu'ate SO; was recently reported by Brimblecomb 

(1978). 

followed by oxidation to SO: with the rate limiting step beirig 

turbulent transfer of SO2 to the moisture surface for alkaline 

solutims, diffusion across the liquid-air boundtry layer for acid 

In addition, the ability o f  a dew covered surface 

The mechanism involvxi was absorption of SO2 by the droplets 

- 

solutions, and a combination o f  the two for intermediate pH values 

(i.e., those most frequently encountered i n  leaf surface moisture). 

The occurrence o f  precipitaton during the deposition experiments 

complicated the Znterprctaticn Gf the relative solubility data. It is 

not possible t c  modify the calculated relative solubilities ol' the 

material collected in the deposition plates during periods of 

measurable wetfall in a mannPr similar to the calculation crf dry 

deposition rates. 

data, that related to dry deposited material and that related to bulk 

deposition. 

Thus there are two types o f  relative solubility 

Because o f  this conplication, only the periods will be 
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considered during which no precipitation occurred, WO and W1. 

values were as follows (in % relative solubi lity): WO, Cd = 73, 

Mn = 73, Pb = 24, Zn = 6i; Wl, Cd = 52, Mn = 70, Pb = 27, Zn = 63. The 

relative order o f  solubi?ities of deposited material is similar to that 

for the stispended awosol fraction. HrJwever, the relative solubilities 

are lower f o r  deposited particles by Q, 10% for Mn, 

for Zn, and Q, 60% for Pb compared to the suspended material (compare 

Table 11 in Chapter 111). 

larger particles in deposited materizl bzcatlse of the general decrease 

These 

20% for Cd % 35% 

This again suggests the predominance of 

in relative solubility with an increase in particle size seen for 

suspended material (Tab’le 11, Chapter 111). This same trend is 

apparent in the data from period W1 alone which included simultaneous 

collection o f  dry depositicn and suspended particles. 
- 
Apparently very little data on elemental solubilities of deposited 

material has been collected. As described in Chapter 111, Hodge et al. 

(1978) have presented unpublished data on water-solubilit.ies of several 

elements associated with both suspended and deposited particles. 

Solubilities were expressed as: water soluble fraction/total element 

concentration, which is pot directly comparable with the relative 

solubility determined in this work. Using the total-acid-leacjable 

metal/available metal concentration ratios discussed in the methods 

section above, the relative solubility values for WO and Wl can be 

expressed in water-solubility terms as follows: 

Pb = % 4%, Zn = 1%. 

Hodge and Slcldberg (1978) for a set o f  samples collected 2t La Jo l la ,  

California (Cd = 89% soluble, Mn = 53%, Pb = 50%, Zn = 59%) and in 

Cd = 6-8%, Mn = Q, 13%, 

Comparing these values with those reported by 

I 
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Ensenada, Mexico (Cd = 11%, Mn = 9%, Pb = 7%, Zn = 5%) again indicates 

the WBW samples to be more similar to the remote coastal samples from 

Ensenda then the suburban-coastal samples collected at La Jolla. This 

was also the case for the suspended particle water-solubilities as 

discussed in Chapter I V .  

water-solubilities associated with the Ensenada samples may reflect a 

The authors speculated that the lower 

smaller, more leachable anthropogenic fraction at the remote site, or a 

strong non leachable association of the metals with higher amounts of 

Fe and A1 in the Ensenada samples. 

anthropogenic aerosols or deposited particles are any more or less 

However, there is no evidence that 
I 

leachable than natural materials other than as related to particle 

size. The WRW data suggests the differences seen by Hodge and Goldberg 

are more likely related to particle size effects. 

concentrations o f  A1 and Fe, generally large-particle soil-derived 

The higher 
/ 

elements, found by Hodge and Goldberg in the Ensenada samples tend to 

support this hypothesis. 

Summary and Comparison of Dry Deposition 
and Net Accumulation Rates to Inert 
and Biological Surfaces 

With a working knowledge of the generally accepted problems 

involved in the empirical determination of dry deposition rates, 

several laboratory and field experiments were designed to develop and 

test various sampling techniques using inert and biological surfaces. 

The techniques of final choice involved: 

(deposition plates, see Figure 16) situated in the upper canopy of a 

(I) artificial surfaces 

mature chestnut oak tree for intervals of 4 to 7 days, and (2) the 
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sequentia? c o l l e c t i o n  o f  upper canopy leaves from the  same s i t e  over 

s i m i l a r  t ime in te rva ls .  

developed using a g i t a t i o n  w i th  d i s t i l l e d  water and d i l u t e  ac id  i n  

sequence t o  remwe water se lub le SO; and water so lub le p lus  ac id  

leachable t race element f rac t ions .  The sum o f  the  two t race  element 

f rac t i ons  represents the quan t i t y  o f  any given t r x e  element which i s  

l i k l e y  t o  be r e l a t i v e l y  ava i lab le  i n  various element cyc l i ng  pathways. 

I n  each case ex t rac t ion  techniques were 

Pre l iminzry  experiments ind icated t h a t  these techniques resu l ted  i n  the  

removal o f  Q 12% o f  the  t o t a l  Cd, 18% o f  the  t o t a l  Mn, 12% o f  the  t o t a l  

Pb, and 2% o f  the t o t a l  Zn from dry  deposited part: 'cles captured by the  

i n e r t  s u r f  cce. 

Two major problems atcountered 5n the use o f  leaves t o  estimate 

deposi t ion ra tes  invo lved s p a t i a l  heterogeneity and in ter r ra l  leaching. 

For example attempts t o  ob ta in  a larger,  more representat ive l e z f  

sample f o r  each ex t rac t i on  involved c u t t i n g  uniform c i r c u l a r  discs from 

the  center o f  20 leaves and washing these discs as one sample. 

However, s p a t i a l  v z r i a b i l i t y ,  even on the scale o f  a s ing le  leaf ,  as 

we l l  as increased i n t e r n a l  lezching froin the  f r e s h l y  cu t  l e a f  d iscs 

made t h i s  technique o f  questionzble u t i l i t y ,  When whole leaves were 

sampled, the s p a t i a l  v a r i a b i l i t y  i n  elemental surface area 

concentrat ions (Table 14) were s i a i l a r  over scales o f  10's o f  cm 

(adjacent leaves) t o  100's o f  m (watershed wide) i nd i ca t i ng  t h a t  

equal ly  use fu l  est imates o f  l e a f  deposi t ion may be determined from 

sampling tclat is concentrated a t  one e a s i l y  accessible s i t e  ra ther  than 

sampling unifoymly across the  wptershed. 
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,Several lines 07 evidence indicated that a considerable fraction 

of the Mn and SO: washed from the leaves represented internally 

leached material, while some o f  the Zn and Cd may have a similar source 

bct most o f  the Pb appeared to origirlate from the leaf surface. Thus 

deposition rates calculated from sequential increases in the quantity 

of an element gashed frcm the leaves m a y  be subject to overestimation 

dn the case o f  the mtcronutrients. This was particularly true during 

the early growing season for SO; arrd the late growing season for 

.. Mn and Zn and possibly Cd to some extent. 

The two techniques for collectton c f  deposited material were 

utilized throughout the 10 week intensive sampling period described in 

Chapter 111. Since mcst a f  the sampling periods experienced wet as 

well as dry depositixi and bemuse o f  the constraints of sampling over 

relatively long Xime intervais to collect sufficient material f o r  

analysis, several operational definitions were applied to the data. 

For both inert and leaf surfaces the net increase fn the surface area 

concentration o f  an element over a given time period represents the 

integration of several processes acting to both increase and decrease 

surface area concentrtions (wet and dry deposition, wash off' and 

resuspension, and additionally, internal leaching and absorption in the 

case o f  leaves). Since deposition to the leaf surface is calculated 

from the nez difference in surface area concentrations over tSme it is 

- 

also possible that a net loss of an elenent can occur. Thus deposition 

rates to both leaf and inert surfaces measured by sequential difference 

are best termed net retention or accumulation rates. 
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The deposition plates were utilized at several canopy locations 

with the interlt of comparing surface retenticn as inflcenced by density 

of overstory vegetaxion. P1 ates situated on the meteorological tower 

well above the influence o f  any canopy elements generally resulted in 

accumulation rates ccmparable with those measured for plates in the 

upper canopy. 

canopy site presumably due to leaching and splash off from adjacent 

The rates for Mn were Q 2 times higher at the upper 

leaves. Similarly the rates o f  the other micronutrSents SO; and 

Zn were slightly higher at the upper canopy site, while Cd was 

comparable and Pb was somewhat ;ewer. The generally good agreement 

between these sites has important impljcstions for the use of the 

deposition plate techniqlre at other, more remote, forested areas where 

towers are often available and niwe accessible thar: the upper canopy. 

In addition to these sites, plates were situated in the lower canopy 

and on the forest floor, Accumulatim rates generally increased with 

increasing canopy density over the plates, with the increases larger 

during wet periods, indicating the accumulation to be primari?y dlre to 

particle wash off and leaching from upper canopy elemerlts, 

accumulation rates at the upper canopy location were not simply related 

The net 

to precipitation volames cr air concentrations. However, they did tend 

to increase as the TSP 'load increased suggesting accumulation rates to 

be enhanced by meteorological and atmospheric conditions which were 

responsible for elevated TSP levels (as discussed in Chapter 111). 

Dry depos!tior. was calculated from deposition plate samples during 

5 o f  the experilnentdl periods (WO, 1, 2, 3, 6; Table 19) while dry 

deposition to the leaf surface could only be deterrninad for two of the 
I 
i 
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periods (Wl, W13; Table 15). 

rates generally followed the order o f  atmospheric concentrations: 

SO; > Mn > Pb > Zn > Cd. 

similar data i n  the literature (Table 21) it was apparent t h a t  

deposition rates measured a t  WBW were more similar to those measured a t  

remote and rural locations t h a n  i n  urban environments. A substantial 

amount o f  the available metal fraction captured i n  the deposition 

plates was present i n  a water soluble phase ( i n  relative s o l u b i l i t y  

terms: Q 72% of the Mn, Q 50 t o  70% of the Cd, Q 62% o f  the Z n ,  and 

The relative order o f  dry deposition 

When these rates were compared w i t h  

26% of the Pb). However, these relative solubilities were generally 

lower than  for the corresponding total aerosol fraction, reflecting a 

larger particle size t h a n  i n  the suspended particles. Scanning 

electron and light microscopy of the deposited material substantiated 

the presence of generally larger particles (Table 44, Chapter VI), 

suggesting sedimentation t o  be an important particle deposition process 

t o  these surfaces. 

The dry deposition rates o f  Cd, Pb, Zn ,  

upper canopy plates were correlated w i t h  a i r  

and the a i r  concentration of each element i n  

and SO: measured t o  

s tagnat ion  frequency, TSP, 

the t o t a l  aerosol 

fraction, and the frequency of winds from directions other t h a n  those 

influenced by local sources. 

and SO; was apparently not enhanced by local source emissions. 

Manganese deposition was not correlated w i t h  any of these parameters 

b u t  d i d  increase w i t h  frequency of west and southwest winds suggesting 

Thus the dry deposition of Cd, Pb, Zn, 

the influence of resuspended surface dus t  related t o  forest clearing 

and s i t e  preparation activit ies t o  the west-southwest of the watershed 
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during the sampling period. 

was correlated with surface wetness, suggesting that scavenging of 

Only the dry deposition rate of SO; 

SO2 by fog and dew droplets followed by oxidation may be an important 

SO; deposition mechanism to these surfaces. 

For comparison, the various measurements of dry deposition and 

short-term not retentlon by leaf and deposition plate surfaces are 

sumnarized in Table 24 as the mean and standard error for all 

observations. 

term deposition plate and sequential leaf collection experiments during 

experimental periods with no measured precipitation (WO, 1, 13) or 

during periods for which the deposition plate total input could be 

corrected to reflect dry deposition alone (W2, 3, 6). 

surface net retention rates include all data from the intensive 

experimental periods during the 1977 growing season. 

from the data that the choice of a given method for the estimate of dry 

deposition rates can have a significant influence on the value 

ultimately determined. 

The dry deposition rates have been estimated from short 

The short term 

It is apparent 

The overall range for Pb is over an order of 

magnitude while the values for Cd and Mn range over a factor o f  ~ 8 ,  

and SO; and Zn over a factor of 'L 5. 

aspect of this data i s  the one period (Wl) for which dry deposition 

estimated by deposition plate retention and net leaf retention can be 

compared for the same sampling interval. 

problems discussed above, the agreement is very good for Cd, Zn, and 

SO;. The dry deposition rates of Cd and Zn to the leaf surface 

were '~30% lower than the dry deposition rates to the inert surface 

while being 'L 30% higher for SO;. 

Perhaps the most intersting 

Given the operational 

The rate of dry deposition of 
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Table 24. Comparison of mean deposition rates of available metal fractions t o  sur- 
faces a t  the upper canopy (including S.E. where appropriate) 

2 Deposition ra te  ( u g h  -day) 
Sampling Deposition 

period surf ace cd Mn - Pb Zn so; 

DRY DEPOSITION 

Wl teaves 0.024 6.8 0.4 1.4 1300 
W1,13 Leaves 0.021 20.003 19213 0.420.1 2,821.4 950r350 
wo, 1 b Plates 0.07720 - 043 145 1 4.520.8 1 .520.4 9402 35 
W0,1,2,3,6 P1 a tes 0.07 220.034 25+ 6 6.522.2 1.420.3 1500+600 

w1 a Plates 0.034 15 3.7 2 .o 900 

SURFACE NET RETENTION: SHORT  TERM^ 

W1-13d Leaves 0.07 520.03 2 45k14 0.56r0.12 1.220.4 1800+,750 
NO-12 P1 a tes  0.13 20.03 192 6 6.6 k1.2 2.720.9 2500+790 

- 
aThe only dry period during which leaves and plates were both sampled. 

bIncludes deposition ra tes  corrected for  wetfall.  

‘Short term experiments were those of 4 days duration. 

dNot including periods W8 and MI0 dur ing  which sampling was prematurely termin- 

Surface net retention 
re f lec ts  the end result of both wet and dry deposition processes. 

ated due t o  power failures, thus n = 10. 



179 

Mn estimated from the inert surface is approximately twice that 

estimated t o  t h e  leaf surface, which may reflect the increased 

efficiency of the deposition plates t o  retain larger particles. 

Only for Pb was the difference between the two estimates of dry 

deposition very larger factor o f  10. Since there is only one 

observation offering t h i s  direct comparison, in-depth analysis of the 

difference is not warranted. However, even though the other estimates 

of dry deposition by plates and leaves are not directly comparable i n  

time (periods 611, W13 for  leaves and WO, W1 for plates) the same order 

of magnitude difference exists for Pb. 

surface net retention rates of Pb also are a factor of 10 lower for the 

In addition, the short term 

leaf surfaces compared t o  the deposition plates over approximately the 

same time interval. 

and leaf surface retention for Cd, Mn, Zn, and SO; was generally 

w i t h i n  a factor of two. 

phenomenon: 

and retained by the inert surface t h a n  the leaf surface, or (2)  Pb is 

For these same periods the agreement between inert 

There are two possible explanations for this 

(I) Pb containing particles are more efficiently captured 

captured w i t h  similar efficiency by both  surfaces b u t  is absorbed 

through the leaf surface resulting i n  less surface available Pb when 

the leaves are washed. The f i rs t  explanation could account for the 

difference only to  the extent that a considerable fraction of the 

atmospheric Pb exists i n  relatively large particles (> 10 m). As 

discussed above the Pb particle size d i s t r i b u t i o n  during these 

experiments was predominantly submicrometer as determined by the Anderson 

impactor. However, because of the known inefficiency of this impactor 

t o  capture large particles, this explanation should not be ruled out. 
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There 3s c o n f l i c t i n g  evidence i n  the l i t e r a t u r e  regarding Pb 

absorption By the l e a f  surface. Krause and Kaiser (1977) dusted leaves 

o f  various m o p  p lan ts  with a metal oxide mixture containing PbOp 

( p a r t i c l e  sjze < 50 pn): Their resu l ts  indicated tha t  Pb uptake 

through l.eaves occurred even when applied as Pb02 and tha t  the Pb was 

translocated downward i n t o  the roots by basipetal  transport. 

Rabinowitz (1972) has reported f o l i a r  absorption and t rans locat ion of 

Pb hal ide aerosols by oats and le t tuce  grown near a freeway. Hemphill 

(1974) reported s i m i l a r  r e s u l t s  f o r  leaves o f  Sycamore trees. 

other hand, Carlson e t  al.  (1976) found no evidence o f  absorption o f  

t o p i c a l l y  appl ied Pb e i t h e r  as a so lut ion or  as a dry  aerosol by 

soybean leaves. 

On the 

I n  stud ies using iso la ted p lan t  cut ic le ,  Arvick and 

Zimdahl (‘1.97’4) found t h a t  the  c u t i c l e  acts as a near ly per fect  b a r r i e r  

against Pb fm penetrat ion. 

be absorbed, t h e  r e l a t i v e  s o l u t i l i t y  data suggests t h a t  only a small 

However, even i f  deposited p a r t i c l e  Pb can 

f r a c t i o n  o f  t h e  Pb 

the ava i lab le  Pb) i f  the  absorption process involved a water 

solub i 1 i z a t i  

account f o r  the order o f  magnitude lower dry deposit ion rates estimated 

u l d  be involved (Q 4% o f  the t o t a l  Pb and % 30% o f  

step. Thus, without fu r ther  study it i s  d i f f i c u l t  to 

f o r  the b i b l o g i c a l  surfaces r e l a t i v e  t o  the  i n e r t  surfaces. 

Although the  remaining estimates o f  d ry  deposit ion are not from 

e n t i r e l y  comparable sampling in te rva ls  they do, nevertheless, ind icate 

a r e a l t i v e l y  

agreed within a f a c t o r  o f  % 4, Mn Q 1.5, Zn 

Because o f  t 

d agreement between the two methods, except f o r  Pb (Cd 

2, and SO; Q 1.5). 

i nd i ca t i on  t h a t  the inert  surfaces apparently provide a 
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reasonable estimate of the available metal and soluble SO: dry 

deposition to the leaf surface, the mean dry deposition values 

calculated from deposition plate retention during periods WO, I, 2, 3, 

and 6 will be taken as the best estimates of dry deposition rates to 

upper canopy surfaces in WBW (with the understanding that the value for 

Pb dry deposition may be an overestimate). 

experimental values to estimate longer term dry deposition rates to the 

watershed as a whole for comparison with wet deposition rates is the 

The use of these 

.- subject of Chapter VII. 
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CHAPTER V 

TWCE ELEMCNT, SULFATE, AND HYDROGEN ION CHEMISTRY 
OF IEiCIDENT PRECIPITATION AND THROUGHFALt 

I N  NALKER BRANCH WATERSHED 

Introduction and Statement of the Problem 

As discussed i n  the previcus chapter, S l inn  {1976) has presented 'a 

theoretical argument that wet and dry deposition of pollutants t o  a 

forest  from ground based sources are comparable i n  magnitude. O f  these 

two suspended particle removal mechanisms, wet deposition is of 

particular importance due both t o  its episodic nature and the fact  that  

particle and gaseous-ascociated elements are delfversd t o  the forest 

canopy partly i n  solution, thereby enhancing the possibility of 

absorption by vegetatim surfaces. 

simultaneously remove previously deposited or impacted material from 

In addition, wetfall may 

the canopy, hence increasing the mobility of particle-assoc iated trace 

elements. . The ph.ysica1 processes by which precipitation removes 

impurities from the atmosphere were briefly sumarized i n  a recent 

report by Gatz and Changnon (1976). Gases clre scavenged w i t h  an 

efficiency roughly proportional t o  their  water solubility. 

gases are incorporated in to  precipitation either w i t h i n  or below clouds 

Soluble 

by three mechanism: simple dissolution i n  a rain droplet, dissolution 

followed by hydration o r  dissociation, o r  dissol3tion followed by 

chemical reaction w i t h  other dissolved o r  particulate species i n  the 



183 

water droplet .  

f o rna t i on  o f  various s u l f i t e  and s u l f a t e  s a l t s  i n  ra in .  P a r t i c l e  

scavenging i s  comprised o f  processes which predominate e i t h e r  w i t h i n  o r  

below the cloud base w i t h  e f f i c i e n c i e s  dependent on p a r t i c l e  s ize.  The 

in te rcep t ion  o f  ? a r t i c l e s  o f  % 0.1 prn diameter with c loud water through 

Brownian rnDtion i s  termed Brownian capture, a process whose 

ef fect iveness increases w i t h  decra6sing p a r t i c l e  s ize.  

so lub le p a r t i c l e s  o f  0~ 0.1 - 1 

scavenging, i nd i v idua l  droplets  nucleate on hygroscopic p a r t i c i e s  . 
F i n a l l y  f o r  p a r t i c l e s  Q 5 urn i n  diameter impaction scavenging 

predominates as the removal process, occuring both w i t h i n  and below the  

cloud and invo lv ing  p a r t i c l e s  captured by f a l l i n g  raindrops. 

elements associated p r i m a r i l y  w i t h  aerosols o f  a c e r t a i n  p a r t i c l e  s i t e  

may be more e f f e c t i v e l y  removed by e i t h e r  dry o r  wet processes 

inc lud ing  the var ious wet Scavenging rnEchanisms. 

This l a t t e r  process oecurs w i t h  SO2 leading t o  

P a r t i a l l y  water 

can be removed by nuc leat ion 

Thus, 

The importance o f  p rec ip ' ta t ion  i n  n u t r i e n t  and major element 

cyc l i ng  on a watershed scale has been we l l  documented (Fisher e t  a l . ,  

1968; Johnson and Swahk, 1973; Likens e t  al., 1967; Swank and 

Henderson, 1976). Nut r ien ts  are removed from the canopy and 

transported t o  the  f o r e s t  f loor  i n  throughfal l ,  which i s  p r e c i p i t a t i o n  

in tercepted by the  canopy bu t  s t i l l  reacttifig the f o r e s t  f l o o r  by canopy 

dr ip .  Dissolved apd suspended const i tuents  i n  t h r o u c h f a l l  are der ived 

no t  only from the  i nc iden t  p rec ip i t ac ion  bu t  also from mater ia l  leached 

Snternal ly  from the  vegetat ion as w e l l  as from the  vegetat ive siirface. 

I n  addit ion, there are both phys ica l  and cher ica l  react ions between 

i 
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material on the leaf surface and that dissolved in incident 

precipitation leading to element exchange at the surface. 

Previous watershed scale investigations o f  the chemistry o f  

incident precipitation and throughfall have concentrated on major 

element and nutrient cycling as influenced by canopy leaching (Eaton et 

af., 1973; Henderson et al., 1977). However these studies have 

involved primariiy bulk sampling on weekly or monthly time scales as 

opposed to wetfall only sampling on an event basis, a sampling scheme 

often cited as one providing the most accurate quantitative information 

on the chemical composition of rain (Galloway and Likens, 1976, 1978). 

The relatively few studies concerned with trace chemistry o f  both 

throughfall and incident precipitation (Heirichs and Mayer, 1977; 

McColl and Bush, 1977) have involved sampling on a small scale or have 

utilized bulk samples collected either on an event basis or over fixed 

time periods. 

investigations o f  the trace chemistry of rain alone (Hallsworth and 

Adams 1973; Schlesinger et al., 1974; Ruppert, 1975; Harrison et al., 

1975; Struempler, 1976; Beavington, 1977; Andren and Lindberg, 1977). 

However, few studies have combined the unique sample collection design 

The same has generally been true for previous 

and possessed the analytical sensitivity required for trace analysis of 

wetfall with the facilities of a calibrated watershed. These 

considerations have prompted this investigation o f  the precipitatfon 

.input o f  selected trace elements into Walker Branch Watershed (WBW), 

including the interaction between incoming rain and the deciduous 

forest canopy. The primary objective of this section is to 

characterize the input o f  Cd, Mn, Pb, Zn, and SO;-S to the 
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watershed by wet deposition on time scales comnensurate with the 

identification of meteorologic and other factor$ regulating the 

magnitude of epfsodic trace element inputs. 

Sampling and Analysts 

Precipitation Collector Design and Sampling Procedures 

Many problems have been associated with the co’flection o f  rainfall 

for major element and nutrient chemistry and were recently reviewed by 

Galloway and Likens (1976, 1978). Briefly these involve efficiency of 

the sampler to collect a representative sample, postdepositional 

chemical alterations of the sample, sample contamination, sampling and 

analytical precision, and event definition. These difficulties are, in 

general, compounded when trace analysis is intended due to both the 

high probability of sample contamination and possibility of element 

loss to container surfaces (e.g., see the recent review paper by 

Morgan, 1975). All o f  these problems were considered during the 

development of the precipitation sampling network on Walker Branch 

... 

Watershed. 

(automatic devices designed to expose the collector surfaces only 

The utility of using wet/dry or wet only samplers 

during precipitaton) for collection of rain for chemical analysis has 

been well established. 

Energy, Health and Safety Laboratory, Volchock et al., 1974) design was 

chosen, a reportedly reliable (Galloway and Likens, 1976) wet/dry 

sampler which was modified Eo minimize contamination from metal 

Accordingly the HASL (U. S. Department o f  

components of the sampler itself or from spurious dry deposition into 

the wetfall samples. 
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The unft as modified for our studies is described in considerable 

detail and illustrated in Lindberg et al. (1977; reproduced in Appendix 

A; see also Figures 25 and 29 following). Briefly, all components of 

the sample cover have been replaced with polyethylene, teflon, or 

stainless steel; the cover has been fitted with a polyethylene-covered 

foam sealing surface which is removable for cleaning, and the metallic 

wet sensor grid has been relocated on a separate post mounted 2 m from 

and below the level o f  the collector. For the results reported here 

only the wetfall side of  the collector was utilized. The collecton 

efficiency of the HASL samplers was tested by two methods on an event 

basis. The expected volume of catch was calculated given the exposed 

funnel surface area and measured quantity of rain at the site, or by 

comparison o f  the catch of plastic wedge type rain gauges placed one 

inside and one outside the collector. Both methods yielded 

efficiencies ranging f r o m  1% low to 3% high, averaging 1% low for the 

HASL sampler relative to the rain gauge. 

periods of time over several events the discrepancies ranged from 16% 

low to 18% high, still averaging 1% low. 

When checked for longer 

The ltkation of the individual samplers and the recording 

raingauge network is indicated in Figure 20. The present network, 

which has been in operation since 1/76, consists of 6 HASL samplers, 4 

o f  which are located at permanent, paired throughfall and incident 

sites, the other 2 o f  which are permanent throughfall sites. The 

paired sites consist of a ground level incident collector (GI) and 

throughfall collector (PTl) ,  within 50 m of each other, at one 

location, and an above canopy incident collector (CI, atop a 46-m 
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Walker Branch Watershed Deposition Network.  

Fig. 20. Walker Branch Watershed (WBW) study area indicating the 
location of incident precipitation;and throughfall collectors. 
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meteorological tower) and ground level throughfall collector (#T2), 

within 50 m of each other, at another. All throughfall collectors are 
situated beneath mfxed hardwood stands (predominantly oak; beech, 

poplar in one case, #T1). 

detail in a following section. 

These sites are illustrated and discussed in 

Ratnfall volume is monitored continuously at 5 ground level rain 

gauge sltes (see Figure 20) by Fisher-Porter automatic recorders which 

allow calculation of the weighted average rainfall input to the entire 

watershed on a daily or an event basis (Henderson et al., 1977). In 
addition, located at each HASL sampler site is a portable wedge type 

rain gauge which is read on an event basis giving an indication of 

intersite variability rainfall. 

The rationale for our sampling methodologies, including technical 

details, is described elsewhere (Lindberg et al., 1977; Appendix A) .  

In practice, the collection procedure is designed (1) to minimize the 
- 

chance of contamination of the sample container in the field prior to 

the Occurrence of rainfall and to the sample itself during 

precipitation and prior to retrieval from the field; and (2) to reduce 
- 

the chance o f  chemical alteration of the original sample by 

evaporat i on, degassing, biological action, and sorption phenomena. 

Samples were collected on an event basis with the HASL samplers 

being double distilled water washed and rinsed and prepared for service 

i n  the field prior to initiation of rainfall (generally within 24 hrs) 

and all samples retrieved soon after precipitation had ceased ( <  24 

hrs). In addition, a limited number of storms were sampled 

sequentially for both incident precipitation and TF. This involved 
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manual replacement of sample bottles following collection of sufficient 

sample for  analysis. 

All samples were collected using a polyethylene funnel/bottle 

arrangement placed inside the HASL sampler prior to initiation of 

rainfall. The advantages of this technique are discussed in detail in 

Appendix A. The funnels used in throughfall collectors were covered 

with 105 mesh polyethylene screen to exclude coarse organic debris. 

Bottles and funnels for trace metal samples were leached with 2N HN03 

for 16 hours double distilled water for 8 hours, and rinsed profusely 

with Millepore Milli-@ double distilled water prior to use. Bottles 

arid funnels for sulfate and pH samples were similarly washed omitting 

the acid leach, The levels of metals in the leach water were 1 to 2 

arders o f  magnitude below the levels measured in rain (Lindberg et al., 

1977). 
- 

For sampling purposes an event was defined as any measurable 

precipitation (0.25 m of rain in an hour's time) preceeded and 

followed by 6 continuous hours of no measurable rain. 

definition generally led to sampling well defined events for which 

correlative meteorological parameters could be measured. 

Using this 

Table 25 sumarizes the characteristics of the precipitation 

events sampled during a 2-year period. Using the procedures and event 

definition described above 72% of the precipitation input by volume was 

sampled while minimizing the length of time the sample bottles remained 

in the field. Of the samples collected, 64% represented "single storm" 

events, 30% were multiple events with a total sampling duration of < 7 

days, and only 8% represented multiple events with a sampling time 
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exceeding the 7 day maximum sample collection period suggested by 

Galloway and Likens (1976, 1978). 

On a seasonal basis we sampled 47 to 86% of the precipitation by 

volume, the lowest sampling efficiency occurring during the winter 

(dormant) period. 

sample freezing rain or snow. 

This largely reflects our inability to effectively 

The fraction of samples representing 

individual events were seasonally evenly distributed, ranging from 

60-70%. The most disturbing problem encountered was the inability to 

consistently sample minor storm events ( <  0.5 cm). 

to an inability to predict such events and, when sampled, to collect 

This related both 

sufficient volume for analysis.. Comparison of the data in in Table 25 

of the mean precipitation amount sampled with the mean amount which 

occurred illustrates this point. Since such storms were only 

infrequently sampled the mean precipitation volume of the storms 

sampled, exceeded that which occurred by a factor of two to three. 

According to Henderson et al. (1977), daily precipitation of < 0.5 cm 

accounts for only 6% of the.annual rainfall input to WBW but occurs 

with a frequency of Q 37%. During the two year study period storms 

of c 0.5 cm occurred with a frequency of Q 40% but accounted for only 

7% o f  the hydrologic input. 

frequency of n, 10%. Since these events comprise a minor component of 

the input to WBW the effect of under representative sampling o f  small 

events is insignificant in the calculation of wetfall deposition to the 

watershed, The frequency distribution of rainfall volume for all 

events sampled is described in further detail in a following section. 

We were able to sample such storms with a 
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Analytica I Methods 

The parameters pH and specific conductance were measured 

Cmnediately upon return to the laboratory on samples allowed to reach 

room temperature. 

standard methods on samples equilibrated with atmospheric C02 using a 

combination reference-pH electrode (Galloway et a1 ., 1976). Free and 

total acidity were determined by titration o f  selected samples as 

described in detail in Hoffman et ai. (1979). An aliquot for sulfate 

Hydrogen ion concentrat ion was determined by 

was transferred into a prewashed polyethylene bottle and stored at 4°C 

in the dark until analysis ( <  7 days). 

Sulfate was determined using an improved methylthymol blue 

colorimetric procedure with a Technicon Auto Analyzer I1 system. 

method has been described in detail by McSwain et al. (1974) and its 

application to our studies including information .on analytical 

precision, accuracy, spike recoveries, and intermethod calibration is 

described in Lindberg et al. (1977; Appendix A). 

The 

- 

Samples for trace metal analysis were stabilized by addition o f  

concentrated Ultrex ultra pure HNOQ to pH = 1.1 in the laboratory 

imnediately following collecton. 

bottles in the field was based on several tests of both methods 

involving blank determination, matrix effects, container contamination, 

The decision not to use preacidified 

and solution adsorption (Lindberg et al., 1977; Subramanian et al., 

1978). 

i n  general acid leachable trace metal concentration would be greater 

than water soluble metals levels f o r  any given sample. 

occasional samples were fractionated by filtration (0.41-1 Nuclepore 

Thus we routinely analyzed for "total acid leachable" metals; 

However, 
aD 
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membrane) in the lab or by a method of "in situ" membrane filtration in 

the field as the rain was collected. 
All metal analyses were performed using a Perkin Elmer @ Model 

503 atomic absorption spectrometer with dueterium background corrector 

in conjunction with a P.E. H.G.A. 2100 graphite furnace. Standard 

conditions as specified by the manufacturer were employed in all 

analyses, and all solutions were analyzed directly without 

. preconcentration by the method of standard additions. Specific details 

o f  this methodology including matrix effects, limits o f  detection, 

interlaboratory quality control, accuracy, and precision are discussed 

in Turner and Lindberg (1976) and Lindberg et al. (1977). Analytical 

accuracy far the sulfate technique, based on blind standards, was * 3% 
while precision, based on replicate analysis o f  standards and samples 

was 2 2 to 4%. 
- 

Sjmilarly for trace metals, accuracy, based on blind 

analyses o f  EPA check samples, was generally 5 5% while precision 

ranged from k 4 t o  k 10%. In addition we recently cooperated with the 

Department o f  Energy Environmental Measurements Laboratory (E,M.L.) in 
-- - 

a blind anal'ytical quality control test using "standard" rain samples 

prepared by E.M.L. for the MAP3S precipitation network. The results of 

this test involving 15 laboratories are presented elsewhere (Bogen et 

al., 1378),. For the 8 samples analyzed for 18 constituents, including 

H', SO;, Cd, Mn, Pb, and Zn, our analyses were consistently in 

the middle o f  the ranges reported by a17 laboratories. 

The goal of identifying mechanistic relationships between 

precipitation trace element chemistry and meteorologic, spatial, 

temporal, arid air quality parameters cannot be reached unless natural 
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variations can be resolved from precedural variations. 

collected replicate samples of 4 storms from a single HASL collector 

resulting in a measure of the overall procedural precision as 

Accordingly we 

influenced by sample collection, handling, preservation, and analysis. 

The reproducibility of each parameter measured for each storm is 

presented in Lindberg et al. (1977). 

average averall precision of pH and sulfate determinations of +- 2%. 

Average precision for trace element analyses ranged from 2 5% for Pb 

to 11% (MnJ, 4 15% (Zn), and k 16% for Cd. In each case, these 

Sumnarizing this data leads to an 

values are on the same order as the precision o f  the analytical methods 

alone. 

Results and Discussion 
,/ 

.- 

Element Distribution in 
Incident Precipitation and Throughfall ’ 

Tablie 26 is a statistical sumnary of Cd, Mn, Pb, Zn, SO;, and 

H+ concentrafions observed in rain and throughfall for the two year 

period 1976-1977. 

presented in Appendix B. The information listed in Table 26 includes 

arithmeti’c means, standard deviations, coefficients of variation, 

concentration ranges, and number of observations. Precipitation volume 

weighted means are considered in a following section. The data for 

incident precipitation includes the above canopy and exposed ground 

The observations from which Table 2 was compiled are 

level sampling sites while the throughfall data is a sumary of the 

four ground level subcanopy collection sites. 
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Cf the trace constituents in incident precipitation, Pb and Zn are 

comparable in concentration, are somewhat more abundant than Mn, and 

are an order of magnitude higher than Cd in concentration. 

SO; and H are far more dominant constituents in the rain in 

WBW, both present 3f: from 1 to 3 orders of magnitude higher 

concentrations than the above. When compared to the annual average 

concentration of mafor elements in WBW rain (Swafik and Henderson, 1976; 

Henderson et a]., 1977) OP an equivalent basis, H constitutes ‘L 50% 

However 
+ 

+ 

o f  the cationic strength while the trace element group accounts for 

only 0.2% 

strength, occurring on an equivalent basis at a level 3.5 times higher 

than the next most abur;dznt anion, NO;. Similarly, H+ is 2 

times more abundant than Ca , the second cation in relative 
importance. Thus, as in the case for rain collected in Lhe Hubbard 

For the tnions, $0; comprises Q 65% of the anionic 

a+ 

/ 

Brook experimental forest (Likens et al., 1977), incident preeipitatfon 

in WBW during this 2 year period can be described as a dilute mineral 

acid so’lution, primarily H2S04, at a pH Q 4.2 containing a 

relatively minor amount of vartous trace element salts. 

The chemistry of  precipitation reaching the forest f loor  is 

considerably different from that col?ected above the canopy or at 

ground level but removed from the influence c?f the canopy. Mean 

concentrations o f  all elements in throughfall except H are elevated + 

over those in incident rain. 

times for Pb to a maximum of 53 times for Mn. 

hand, shows a decreased ccncentration by a factor of 1.2. 

exception of Mti, the relative abundance of the elements is similar to 

The increases range from a minimum of 1.3 

Hydrogen, on the other 

With the 
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that  i n  rain w i t h  Pb and Zn being comparable i n  concentration and both 

exceeding Cd by % l o  times. 

'L 10 times that o f  Fb and Zn 2nd is now comparable w i t h  H'. 

Mangsnese ha> increased i n  abundance t o  

Sulfate 

remains 1 t o  3 orders o f  rnagnituc!? higher than the other constituents. 

The comparison between major slement th roughfa l l  chemistry and the 

concentration of the trace constituents cannot be done as readily as 

for incidznt precipitation. 

o f  overstory vegetation type on throughfa1 1 chemistry (Eaton e t  al.,  

.. 1973; Henderson e t  al., 1977),  and the scarcity of such data. However, 

T h i s  relates both t o  the known influence 

combining the available datd for cat-ions i n  throughfall i n  WBW 

(Henderson e t  al . ,  1977) w i t h  that for aaions i n  throughfall i n  a 

northern hardwood forest  (Eaton et. al . ,  1973; NB., the cation data 

indicated comparability between the two data  sets)  results i n  the 

following comparison. 

an equivalent basis, exceeding the next nost abundant anion (60;) 

by 'L 3 times, while H noE comprises only 15% of the cationic budget 

and is exceeded by Ca- and NHf by factors o f  1.5 t o  2, i s  

comparable t o  K , and exceeds Mg by a factor o f  2. 

trace elements now account for sl ightly greater than 1% of the total  

cations. Thus, throughfall appears t o  be a mcre dilute soliftion of 

H2S04 than rain, w i t h  pH ~4.5, containing a relatively higher 

concentraton of alkaline earth sa l t s  o f  SO; arid NO;, i n  

additian t o  somewhat higher levels o f  trace elements. 

between the levels o f  the above elemelits i n  ra in  and throughfall i n  WBW 

Sulfate comprises C\J 60% o f  the total  anions on 

+ 

+ The combined 

A comparison 

and precipitation chemistry at  remote, rural, and urban locations is 

presented i n  a foliowirtg section. 

I 
! 
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An important complicating factor in the attempt to describe the 

"typical" chemistry of rain or throughfall is thg considerable 

variability o f  all constituents listed in Table 26, especially Cd, Mn, 

Zn and to a lesser extent Pb. The coefficients of variation for Cd, 

Zn, and Mn equal sr sxceed 130%, while those for Pb range from 82 to 

92%. 

elements with coefficients o f  variation between 52 to 84%. With the 

exception o f  Nn, the variability in the data is somewhat higher for 

Sulfate 2nd hydrogen ion show 'less variability than the trace 

throughfall than incident precipitation. Despite this trend, the 

ranges in concentration w e  comparable or higher for incident 

precipitation conawed to throughfall. Cadmium and Mn range over 'L 3 

orders o f  magnitude in rain and 2 orders of magnitude in throughfall, 

Pb and Zn range Gver 

throughfall, and sulfate ranges over a factor o f  2r 40 in both mediums. 

2 orders o f  mgnitude for both rain and, 

-I- On the other hand, 1 i  ranges over an order of magnitude in rain but 

increzses in range t o  2 orders of rnagitude in tliroughfall. 

In the study of trace chemistry o f  precipitation it must be 

acknowledged that 1 arge concentration variations do occur naturally. 

Figures 31 to 612 in Appendix B illustrate this point by showing the 

temporal variations over the two year period o f  elemental 

Concentrations in rain and througkfall. As described above the 

coefficients of variation o f  a l l  parameters exceed 50% while those for 

Cd, Mn, and Zn are - > 1COX. In all c a m  the observed variabilities, 

exceed the overall procedural reproducibilities described above, by 

approximately an order to magnitude (ranging from 7 to 49 times 
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higher). 

and not analytically imposed. 

Thus there is little doubt that these variabilities are real 

In generai the variability o f  rain chemfstry has not been 

considered :n g r w t  detafl, especially in the case o f  trace 

constituents. 

the collestim o f  periodic rain samples comprised of 

events and ranging in collection period from weeks to months, as 

117 mar-ty cases the time var!ability has been minimized by 

1 to several 

.- opposed to event samples. Also the variabilities have been complicated 

by the collectSon of  butk precipitation instead of wetfall alone. In 

still other cases only the monthly or annual mean values are presented. 

The concentrations of Ma, Ni, Pb, and Fe in monthly samples were 

reported by Drozdova snd Makhoriko (1970) to range over factors o f  2 to 

48 during a 2-year study. 

samples represented bulk precipitaton or wetfall. 

Hcwwer it was not c l e z  whether these 
... 

For bulk 

precipitation collected on a weekly basis, several investigators have 

reported data with ranges in variztion over 1 to 2 orders of magnitude 

(Schlesinger et al., 1974; Ruppert, 1975; Harrison et h l . ,  1975). 
_.- 

In a 

recent study o f  bulk precipitttion collected in the southeastern U. S. 

over periods ranging fron: < 1 to 18 days, the metals Cd, ME, Cu, and Pb 

exhibited coefficients of variation up to 140% and ranGes over 2 orders 

of magnitude (Wiener, 1978). Seamish atid Van Loon (1977) reported 

limited data on trace element concentrations in bulk precipitation 

collected both on a periodic and an event basis over a two year 

perigd. For the metals Zn, Cu, Ni, and Fe the mefficients of 

variation ranged from 62 to 106% fcr periodic saniples and fron 25 to 

120% for event samples. A recent paper by Granat (1977) concentrated 
i 
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on the problem of rainwater composition variability and its effect on 

wet deposition estimates. Although much of the data consisted o f  

monthly collections of bulk deposition, the results of a multisite 

event study were also presented. A network of from 32 to 100 bulk 

samplers located within a 60 km radius was used to sample 7 individual 

events for major element chemistry. Coefficients of variation ranged 

from 12 to 51% for SO;, 61 to 114% for NH;, and 57 to 77% for 

Ca. The general problem of spatial variability in concentration fields 

was described as a significant contributions to the uncertainty in wet 

deposition estimates. To our knowledge similar considerations o f  rain 

composition variability in precipitation and throughfall collected on 

an event basis do not exist for trace constituent chemistry and are 

sparse for major element composition. ,/ 

Because of the large variation in the composition of precipitation 
- 

and throughfall f o r  both trace and major constituents, the mean and 

standard deviation do not adequately describe the distribution of 

elemental concentrations. Figures 21 and 22 include frequency 

histograms for each element in rain and throughfall. 

exception of H', all histograms reflect strong skewness toward lower 

concentrations with a well defined tail of few observations with very 

With the 

high concentrations. 

equally sized concentration ranges from minimum to maximurn values for 

The histogram concentration classes represent 20 

each constituent. In the case of Cd in rain, 56% of its concentration 

values fall into the lower two concentration classes or the lowest 10% 

of the range. 

range. 

In throughfall, 73% of the Cd values fall into this 

Similarly for Mn and Zn in rain the values are 60% and 50% 
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Fig. 21. Frequency distribution o f  trace element, sulfate, and 
hydrogen ion concentrations in incident precipitation. 
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Fig. 22. Frequency distribution of trace element, sulfate, and 
hydrogen ion concentrations in throughfall. 
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respectively while in throughfall 45% of the Nn and 47% of the Zn 

levels fall into this range. 

somewhat less acute with 27 and 36% of the Pb and 27 and 21% of the 

SO; values in the lowest 10% of the range in rain and throughfall 

respectively. 

uniform while in throughfall the distribution appears bimodal and 

somewhat skewed toward the lower end (30% of the values in the lowest 

For Pb and SO: the skewness is 

For H+ in rain the distribution is considerably more 

10% of the range). 

The positive skewness of many of the histograms indicates 

significant departure from normal distributions normality for these 

parameters and suggests the possibility of lognormality. The lognormal 

distribution of atmospheric data has been indicated for heavy metals in 

aerosols (Kretzschmar et al., 1977) and in bulk precipitation (Weiner, 

1978).- Figures 23 and 24 are lognormal plots for concentrations o f  Cd, 

Mn, Pb, In, and SO; in incident precipitation and throughfall. 

The hydrogen ion concentration data is illustrated with a normal 

probability plot. 

distribution approach is reasonable for all elements other than 

hydrogen. 

generally at the upper end of the distribution where the histograms 

indicated a low frequency o f  high concentration observations. 

The figures illustrate that the lognormal 

If significant deviations from linearity occur they are 

. The original data and the log transformed data were tested for 

significant deviations from normality with the following results (test 

for normality using the 3rd and 4th moments of the distribution; also 

using KSL test of normality): 

incident precipitation do not depart significantly (P - < 0.01) from a 

(1) Cd, Mn, Pb, Zn, and SO: in 
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/ 

Fig. 23. Lognormal probability plots o f  trace metal and sulfate 
concentrations and a normal .probability plot o f  hydrogen ?on 
concentration in incident 2recipitation. 

I 
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Fig. 24. Lognormal probability plots of trace metal and sulfate 
concentrations and a normal probability plot o f  hydrogen ion 
concentration in throughfall. 
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lognormal distribution, (2) Cd, Pb, Zn, and SO: in throughfall do 

not depart significantly from log normality, (3) Mn in throughfall 

cannot be defined by a normal or log-normal distribution, and (4) H+ 

in both I and TF does not depart significantly from a normal 

distribution. 

For the elements fitting the lognormal distribution, it is o f  

interest to compare the frequency plots for rain and throughfall. 

effect of the forest canopy on precipitation chemistry is manifested by 

The 

the upward displacement of the throughfall curves with respect to the 

incident rain curves in each case. For Cd 50% of the rain 

concentration values are < 0.21 ~ / l  and 95% are < 1.5 pg/1 while in 

throughfall 50% of the values are < 0.73 and 95% are < 4.8 pg/l. The 

parallel nature but upward displacement of the throughfall 'curve 

compared to that for incident precipitation suggests the two 

populations to differ primarily in numeric location but each exhibiting 
- 

a similar spread in values. This is also true for Pb where 50% of the 

rain concentrations are < 5.5 and 95% are < 11.5 pg/l and 50% o f  the 

throughfall concentrations are <8.2 and 95% are < 26 pg/l. For Zn the 

populations differ somewhat in both spread and location with 50% of the 

Zn concentrations in rain < 4.3 pg/1 and 95% < 16 pg/l while in 

throughfall 50% of the concentrations observed are < 10.4 and 95% 

< 4.5 ug/1. For Mn the two populations differ considerably in both 

. location arid spread with the median Mn concentration in rain at 20 ug/l 

and median concentration in throughfall at 74 pg/l. 

SO; the plots indicate considerable difference between the two 

populations, the forest canopy influencing both the location and spread 

Similarly for 
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of the concentration distributions. 

in rain is 3.2 mg/l and the 95th percentile i s  6.25 mg/l. 

throughfall SO; concentration is 7.2 mg/l and the 95th percentile 

is 26 mg/l. 

differ in both location and spread with the displacement of the 

throughfall curve in this case to a point below that of the rain 

The median SO; concentration 

The median 

The two H' populations are normally distributed but 

curve. Incident precipitation reflects a median pH of 4.15 and a 95th 

percentile of 3.84 while in throughfall the median pH is 4.30 and the 

95th percentile is 3.86. 

Temporal an3 SpatPal Effects on Rain Chemistry 

Much of the variability associzted with the composition o f  rain 

and throughfall in XBW may be attributed to three major factorsg (1) 

location effects, (2) temporal or seasonal ef-fects, and (3) rainfall 

volume effects. 

considered in detail in a following section but is an integral part of 

these effects. _- 

The influence of precipitation volume will be 

There are numerous complexities associated with this data set, 

including non normality of some parameters, lognormality of others, and 

the inability to cmsistently rcaintain a baJanced samplirg design when 

dealing with somewhat unpredictable, event situations. 

statistical methods were emplcyed to define the significant variations 

related to location and seasonal effects on rain and throughfall 

chemistry. These inc'iuded non paramet;ic tests, analysis o f  variance. 

using log transformod data from certain subsets of the data which 

represented balanced designs, Dv~can's new multir?le range tests on log 

Hence severaJ 
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transformed data sets, and analysis of covariance to account for 

precipitation volume effects on seasonal variability in element 

concentrations. The applications of these tests to the incident 

precipitation and throughfall chemistry data is described in detail in 

Appendix C. 

for the concentrations of Cd, Mn, Pb, Zn, SO;, and H+ during the 

four seasons and at the s i x  collection sites. 

simple, visual sumary of the distribution of the data in space or 

time. ?he results of the statistical considerations presented in the 

appendix are sumnarized in the following two sections. 

Also included in this appendix are plots of percentiles 

These plots provide a 

Spatial Variability 

A major incentive in the establishment of multi-site rain 

chemistry sampling networks is assessment of location differences in 

incident precipitation and throughfall chemistry over a relatively 

small area. Although spatial differences in rain chemistry have been 

previously reported, these have generally involved studies on regional 

scales (Schlesinger et al., 1974, Swank and Henderson, 1976).. 

case o f  throughfall, investigations of spatial differences have 

generally involved studies o f  the chemistry as influenced by various 

canopy types (i.e., coniferous vs hardwood or one hardwood species vs 

another; e.g., see Eaton et al., 1973; Henderson et al., 1977). 

/ 

In the 

The WBW data provides the opportunity t o  test for statistically 

significant location effects among the four throughfall sites and also 

between the two incident precipitation stations for storms which were 

sampled simultaneously. The major difference between the two incident 
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sites is in their watershed elevation and location relative to the 

forest canopy. 

on the western ridge of WBW at an elevation of 336 m (MSL) and, 

additionally, atop a 36411 meteorclogical tower approximately 23 rn above 

the forest canopy (Figure 25). 

ground lwel incident precipitation station located adjacent to the 

As described earlier the ,"I site (Figure 20) is located 

The GI site, on the other hand, is a 

stream b d  at an elevdticn of 268 in (% 110 m in height below the CI 

site) in a cJearing which i s  % 18 m below the edges o f  the surrounding 

forest canopy (Fiyre 26). 

exhibits the additiona? effects o f  particle and gas washout from the 

air mass within the watersned compared to the composition o f  

precipitation above the canopy (CI site). 

the possibility o f  infrequent, canopy eFfects on rain chemistry at the 

ground-level station resulting fro9 wind blown rain being intercepted 

by the edges of the canopy prior to coliection by the incideat 

precipitation sarripfer. 

from the sampler to the canopy edge is generally < 20 m (Figure 26). 

The composition of rain at the GI site thus 

In addition, there exists 

This may be possible since the latera! distance 

As described earlier, throughfall sampJes were collected beneath 

chestnut oak (Quercus prinus) canopies at three o f  the four sites. 

Site T1 was situsted along the stream bank, near the GI station, 

beneath a beech-poplar canopy (Fagas grandifol fa, Liriodendron 

tulipifera; Figure 20) while sites 12, Y3, and T4 were located on ridge 

tops surrounding the watershed beneath exclusively chestnut oak 

canopies. ks indicated in Figures 27-30, (which illustrate the 

location of' the samplers at each site, and the canopy during early 

spring for sites TI, T2, m d  74) T2 was characterized by two moderately 



Fig. 25. Above canopy (CI) incident precipitation collection site a t  
the 46 meter meteoroiogical tower (upper attoto) indicating 
deploynenr; of the modified HASL rain sampler. 
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1D 'tal? .oaks, T3 was characterized by several smaller oaks, and 

inated by one, large chestnut oak. Thus, storms sampled 

simultaneously at all sites offer the oppo,-tunity to test for 

Tferences 5n TF chemistry beyeath similar canopy types 

byrilistarrcec ranging from 260 to 3500 my as well as to test 

~ - ~ ~ ~ ~ ~ ~ - - ; ~ i ~  chemistry as influenced by forest type. 

As described i n  Appendix C y  nonparametric tests (Wilcoxon signed 

nk sum tests; Hollander and Wolfe, 1973) were 

a  set comprised of starm events sampled simultaneously 
d -  

~~~~~~~~~~~~~~~~~ w both incident precipitation sites. The results 

r&t'r"Ic tests w e  sumnarized in Figure 31 which presents a 

conlpmism tpf the mean values, standard errors o f  the means, and 

gndfi::atice o f  differences between sites. Differences 
/ 

te5tei  a t  .k.a%h- &e 0.61 and 0.05 probability levels o f  

~ d - a r e  so indicated on the figure. 

Picant (P  - < 0.01) difference in rain chemistry between 

Only fo r  Hti was there 

i % e x  

~~~~ sffects on Cd concentration and on H' 

In addition there were somewhat less significant 

.I 

concentmtion. It is worth noting that the significance o f  the statio3 

s f  nd H' i s  difficu?t to discern from Figure 31 

(w -S- SE) aboveo"However, although the differences between CI and GI 

rithmetic sign ~f the differences was consistent. In 

jgd the GI concentration of Mn exceeded the *." 

at 64: kittile in the case of  H+ every storm but one 

exhibited equal or lower I-!' concentrations at the GI site relative to 

the CI site. The differexes 5n Mn and H concentrations betneen the 
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.I 1 - C  I 

INCIDENT THROUGHFALL INCIDENT THROUGHFALL 
PRECIP. PRECIP. _- -- 

/ 

CI = Above Canopy Incident 
GI = Ground Level Incident 

n = Beech-Poplar Throughfall 
= Chestnut Oak Throughfall 
= Chestnut Oak Throughfa11 

T4 = Chestnut Oak Throughfall 

. 

Fig. 31. Comparison o f  mean concentrations (+standard error) in rain 
and throughfall for events sampled simultaneously at both 
incident or all throughfall stations, indicating 
statistically significant differences. 
indicate difference between sites for either rain or 
throughfall; values with the same or no letter are not 
significantly different, asterisks indicate level o f  
significance (*, P 5 0.05; **, P 5 0.01; Wilcoxon signed rank 
and Friedman's rank sum tests were used). 

Letters over each bar 



218 

ground level amd above canopy incident precipitation sites is most 

likely related to the 

above for the 61 site, 

the canopy befare bei 

to show enrichment in element whose concentration is most strongly 

influenced by canopy interception, Mn, and show depletion in the only 

element of this group ich i s  removed by the canopy, H . 

ssible canopy interception effects described 

Rain marginally interacting with the edges of 

ollected by the GI sampler would be expected 

+ 

Studies o f  small s 

few and generally invol 

Harrison et af’:, (1975) sampled rain at several sites near London, 

collecting weekly, bufk samples. 

of each other tra areas of different land use. Nonetheless the 

differences found between the sites for Pb, Cd, and pH were smsll (Pb 

was 0.17 vs @..I1 mg/l; 

ial differences in incident precipitation are 

bulk collections on a non-event basis. 

Two stations were located within 1 km 

-- 

0.006 vs 0.006 mg/l; and pH 5.67 vs 5.12) 

although no statistical! treatment was attempted. Weiner (1978) has 

recently compared the trace chemistry of rain collected at two adjacent 

sites (100 m apart) in southeastern U.S. Over a two year period 

the sites yielded a significant difference in rain chemistry-only for 

Pb, although ti n s t t e  coefficients of variation for Cd, Cu, and Mn 

were also high fX7 to 4 1. 
not discussed. 

Reasons for inter-site variability were 

. Figure 31 also illuskrates the differences in mean throughfall 

concentrations. .E storms sampled simultaneously at all 4 sites. The 

nonparametric tests (Ap 

significant site effects, those for Mn. 

dix C) indicated only one series of 

Site T4 produced throughfall 

with a signifi:cantly greater Mn concentration than T1 (P - < O.Ol), T2 
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and T3 (P - < 0.05), although there were no significant differences 

between T1, T2, and T3 (P > 0.05). 

somewhat lower throughfall concentrations for all elements beneath the 

beech-poplar canopy (Tl) compared to the chestnut oak canopies, these 

differences were not significant, It is interesting that the element 

whose concentration is most strongly influenced by.interaction with the 

forest canopy, Mn, is the only element to exhibit significant location 

Although there is a trend of 

effects in throughfall. 

presented i n  Chapters IV and VI1 that Mn is the only element of the 

group studied here whose concentration in throughfall results primarily 

from internal leaf leaching and only to a minor extent from surface 

associated dry deposition. 

elements studied to exhibit differences in throughfall concentrations 

beneath different canopy types or between different age class trees of 

the same species. 

It appears from this discussion and data 

Thus, Mn might be the most likely of the 

In a previous study of the major element chemistry of throughfall 

in WBW, Henderson et a l .  (1977) reported significant differences 

between concentrations of N, P, K, and Mg in throughfall beneath 4 

different forest types. 

oak-hickory stand resulted in consistently higher throughfall 

concentrations than a pine stand, poplar-beech stand, and chestnut oak 

stand. Only in the case of Mg was there a signiricant difference 

between the poplar-beech and chestnut oak canopies with the 

The differences were such that a mixed 

concentration o f  Mg in throughfall higher beneath the poplar-beech 

canopy. The authors stated that the reasons for the differences in 

throughfall chemistry were unclear but that they were only weakly 
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related to differences in foliar concentration. Eaton et al. (1973) 

reported similar differences between TF chemistry collected beneath 

sugar maple, yellow birch, and beech canopies in a northern hardwood 

forest. 

enriched in Na, SO; and C1 compared to the other two. 

addition, they reported that tree size influenced leachate loss of 

elements from the canopy with significantly greater amounts lost from 

large trees compared to small on a unit area basis, apparently in 

agreement with the results reported here for Mn. Nihlgard (1970) 

studied major element chemistry of rain and throughfall collected in 

beech and spruce stands 100 m apart in southern Sweden using bulk 

The sugar maple canopy resulted in throughfall significantly 

In 

collectors operated on a continuous non-event basis. 

large differences between the average concentration in throughfall 

The author found 

beneath the two forest types with spruce greater than beech by factors 

of T, 2 for Mn and T, 3 for SO;. 

throughfall was 4.5 compared to 5.7 in the beech forest and 5.2 in 

incident precipitation. The author concluded that the variability 

resulted from differences in internal leaf/needle leachability of the 

elements in the forest types. 

canopy being more aerosol-adherent than the beech canopy. 

and Mayer (1977) reported trace element concentrations in an annual 

composite of bulk samples collected beneath beech and spruce canopies 

in central Germany. As such, the values reported are not amenable to 

In addition the mean pH of spruce 

He found no indication of the spruce 

Heinrichs 

statistical analysis, representing only one actual analysis in each 

case. 

reported large differences in throughfall concentrations between the 

However for the elements reported in our study, the authors 
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two canopy types, with the spruce forest consistently yielding 

throughfall of higher concentration. The enrichment of throughfall 

concentrations in the spruce forest compared to the beech forest ranged 

from Q 2 for Cd, Pb, and S to 3 for Mn to 5 for Zn. The authors 

did not discuss reasons for the forest type differences but, contrary 

to the conclusions of Nihlgard, did speculate that the source of all 

elements studied in throughfall, with the exception of E(, was primarily 

"filtering o f  atmospheric particles by the tree canopy" with subsequent 

washoff by rain. 

Temporal Variability 

Seasonal effects on concentration are likely to be influenced by 

differences in rainfall volume and, thus may not be amenable to simple 

interpretation. For this reason several approaches were used to assess 

the significance of seasonal variability in rain and throughfall 

chemistry. These are discussed in detail in Appendix C. As in the 

case of spatial variability, previously published discussions o f  

temporal effects have largely involved sample sets complicated by the 

collection procedures used (i.e., bulk samples including wet plus 

dryfall and samples collected over long time periods). However, 

seasonal effects whether related to synoptic meteorological conditions, 

seasonal storm characteristics, forest canopy development, or other 

phenomena including variable anthropogenic emissions have been 

previously identified (Swank and Henderson, 1976; Henderson et al., 

1977; Eaton et al., 1973). 

- 

_- 
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Analysis of variance (ANOVA) was used to determine significant 

Because of the seasonal effects on rain and throughfall chemistry. 

lognormal distribution of most of the data, the possible effect of rain 

volume, and the previously discussed effect of  station location on some 

o f  the parameters a number of statistical methods were applied. These 

are described in detail in Appendix C. Briefly, seasonal and annual 

effects on elemental concentrations were determined using a log 

transformed data set for Cd, Pb, Zn, and SO,= and the nontransformed 
+ 

.- H data, replacing every group of "replicate" observations of 

concentrations in either incident precipitation or throughfall for each 

event by a single concentration equal to the mean of the "replicate" 

concentrations, since no highly significant location effects were found 

for these elements. These transformations were necessary to satisfy 

the requirements for the use of ANOVA. 

exhibited significant station effects, the ANOVA tests were run on log 

In the case of Mn which - 

transformed data from individual stations. If ANOVA yielded highly 

significant effects for any given element in rain or throughfall, 

(P LO.Ol), Duncan's new multiple range test (Duncan) was used to 

distinguish significant differences between seasonal or annual 

concentrations. 

Table 27. In addition, the seasonal distributions of concentrations 

for each element are illustrated in Figures C3 and C4 in Appendix C. 

The results of these comparisons are sumnarized in 

These are in the form of percentile plots. The table presents annual 

and seasonal average concentrations and standard errors for the 

modified data set indicating significant differences as determined by 
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ANOVA and Duncan. Annual or seasonal mean values followed by the same 

or no le t te r  are not significantly different (P > 0.01). 

The seasons l is ted i n  the tables and figures are related t o  

conditions o f  the deciduous forest canopy and roughly correspond to  the 

natural seasonal cycle w i t h  ttdormantt' comprising the months of November 

t o  February; 'tbudbreaktt includes the months of March and Apr i l  and is 

the period during which a l l  major deciduous forest species are forming 

new leaves; "maximum growth" runs from May t o  August and represents the 

period of maximum leaf growth and canopy development; and "senescencett 

which includes September and October and is the period dur ing  which 

deciduous species are i n  the process of losing their  leaves. Al though 

the "seasons" defined here re la te  t o  obvious canopy effects on 

throughfall chemistry, they are as useful as any other definitions of 

season i n  assessing temporal effects on rain chemistry as well. 
- 

Concentrations of each element i n  rain and throughfall, w i t h  the 

exceptiort of  Zn, exhibited the trend of higher concentrations i n  1977 

compared t o  1976, although i n  no cases were the differences 

significant. 

individual station (sumnarized i n  Table 28), there were higher 

concentration levels during 1977 a t  a l l  s ta t ions  except T2, However, 

only for the two incident stations were the between year differences 

significant. 

Similarly for Mn, which  had to  be cofisidered-for each 

Significant seasonal effects (P  - < 0.01) were found for a l l  

elements except Cd and Pb i n  rain and Cd and H+ i n  throughfall. 

Although the seasonal variations fo r  each element were different, i n  

general the seasonal trends for any element i n  rain were reflected by 
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similar trends in throughfall. 

of rain and throughfall is the subject of considerable discussion in 

the following section. Maximum concentrations of Pb and SO; in 

both rain and throughfall occurred during the maximum growth period, 

when the deciduous canopy was fully developed. The levels of SO; 

during maximum growth were significantly different from all other 

seasonal concentrations in both incident precipitation and 

throughfall. 

rain but were in throughfall (P 20.01). 

exhibited highest concentrations during maximum growth period, these 

Concentrations being significantly different from those during budbreak 

and senescence but not dormant. 

The relationship between the chemistry 

The seasonal differences for Pb were not significant in 

Hydrogen ion in rain 

The ability of the fully developed 

canopy to scavenge hydrogen ions was evident in the considerably 

decreased concentration of HS in throughfall during the maximum 

growth period. However, during the dormant, leafless period the 

incident and throughfall H' levels were comparable, with the peak 

concentration in throughfall occurring at the time. 

and throughfall occurred in highest concentrations during -the 

senescence period with the incident rain concentration being 

significantly different from all other seasons. In throughfall the 

concentratfons of Zn during this period was significantly different 

only from the budbreak concentration. 

- 

Zinc in both rain 

Cadmium in rain and throughfall 

. did not exhibit any significant seasonal effects although the trend was 

for highest concentrations in rain t o  occur during dormant and highest 

throughfall concentrations during maximum growth. 
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For Mn, which had to be considered on an individual site basis 

(Table 28) the above canopy site (CI) experienced somewhat higher 

concentrations during budbreak while at the ground level incident site 

the highest concentrations occurred during the maximum growth period. 

This is related to the canopy interception effect at the station, as 

described above, which is expected to be more pronounced during full 

canopy development. In the case of the throughfall sites, the 

beech-poplar canopy ( T l )  yielded highest Mn levels during leaf 

senescence, the multiple tree chestnut oak sites (T2, T3) showed 

relatively little seasonal variations in Mn levels, while the single 

tree chestnut oak site (T4) exhibited considerably higher Mn 

concentration during the maximum growth period. 

the station differences in throughfall, Mn concentratons discussed 

It is apparent that 

above are further manifested in seasonal behavior of Mn concentrations 

in throughfall beneath various canopies. 
- 

As a final test o f  the validity of the above seasonal effects a 

second ANOVA model was used which included the effect of rainfall 

volume per event for each sample since rain volume varies seasonally as 

described earlier. The inclusion o f  the rain volume convariate did not 

substantially alter the conclusions of the ANOVA models discussed 

above. However, the analysis o f  covariance models did indicate a 

significant influence of precipitation volume on nearly all elemental 

concentrations. These relationships are the topic of a following 

section. 

In general, previous attempts to explain seasonal effects have 

been complicated by collection of bulk samples, influenced by both wet 
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and dry deposition, collected over multiple events. In the case of TF 

beneath a deciduous canopy the seasonal trends relate  t o  some extent to  

the presence or absence of leaves or t o  the physiological status of the 

leaves (Eatori e t  a l . ,  1973; Herxlerson e t  al., 1977). However, few have 

attempted to  include i n  theSr analyses the effect  of seasonal 

variations in rainfall  volume. Previous research i n  WBW, for wetfall 

only samples collscted on a weekly basis, has suggested that maximum 

concentrations o f  wveral elements occur dur ing  periods roughly 

corresponding t o  the nzaxirnum growth period. 

and K concentraticn i n  rain indicated generally higher levels du r ing  

the period March t o  u‘une and lower Concentrations dur ing  

December-February, 

Appalachian waterched (Swank and Hende-rson, 1976). 

completed study Shriner and knderson (1378) reported trends o f ’  Hf 

and SO; i n  incident pi-ecipitdtion i n  WBW indicating highest 

concentrations of both elements to occur during the period 

June-September . 

Seasonal trends of Ca, Mg, 

Similar trends were reported for a second southern 

In a recently 

Hornbeck e t  al. (1376) found trends i n  H+ concentration. i n  b u l k  

precipitation co!lectcd in the northeastern U. S, which  indicated 

highest lev’e!s during sumer and f a l l  and lowest levels during spring 

and winter, similar t o  the trend i n  Table 3 for WBW. Few studies have 

involved detailed ana.lysis of sessonal effects 3n trace metal levels i n  

rain, although some trends have been reported. Hallsworth and Adam 

(1973) found highzr levels of Cu and Cd i n  monthly b u l k  precipitaton 

durincj the sumner quarter. Drozdova and Makhonko (1970) collectzd rain 

samples d u r i n g  warn ar;d ccld periads i n  the USSR and reported higher 

i 
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concentrations of Mn, Ni, and Pb concentrations during the warm period 

and higher levels of Fe during cold periods. 

reported higher concentrations of Cd and Pb in snow compared to rain 

Struempler (1976) 

but comparabTe levels of Al, Cu, Mn, and Zn. However, it is not clear 

from the paper whether the samples represented bulk precipitation or 

wetfall only, 

collected over a 2 year period in the Southeast, Weiner (1978) found 

In a statistical treatment of bulk rain chemistry 

significant seasonal effects on Mn and Pb concentrations but not on Cd 

concentratians. Manganese concentrations were highest in summer, Pb in 

spring-sumner. 

Seasonal trends i n  throughfall chemistry have generally been 

considered anTy for m a o r  elements. 

found little difference in concentrations of K, Ca, and Mg in bulk rain 

between the growing season and dormant period while in throughfall the 

elements were considerably elevated in concentration during the growing 

season. Eaton et al, (1973) reported higher. levels of K, Ca, and Mg in 

throughfall in fall than sumner but comparable concentrations of 

In WBW Henderson et al. (1977) 

/ so;. /-- 

For major cations and primarily crustally derived metals, seasonal 

fluctuations in agricultural activities resulting in increased 

resuspension of surface soil material have been indicated as possibly 

influencing rain chemistry (Swank and Henderson, 1976). 

trends of trace element concentrations in precipitation have often been 

Seasonal 

ascribed to similar fluctuations in anthropogenic emissions, such as 

increased fossil fuel combustion during winter months (Struempler, 

1974; Bertine and Goldberg, 1971). However, in a region where the 
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priniary uti l lzation of 

production or consumpt 

Tennessee, there are n 

combust ion emissions . 

fossil fuels is coal combustion for electrical  

on of gasoline by automobiles, such as East 

clearly deffned s2asonal f lwtuat ions i n  

+ The sumier maximum discussed above for SO; and H i n  r a in  

apparently exists across the eastern U. $ 8  Galloway (1978) has 

recently sumnarized the i n i t i a  results o f  the multi-site precipitation 

chemistry cetwork [samples are wetfall only collected on an event 

basis) operated as part of the Department o f  Energy's MAP3S program 

(Multi-state Atmospheric Power Production Po l lu t ion  Study). 

data presented by Gallway for the four original MAP3S s i tes ,  i n  the 

eastern and north-eastern U. S., have been plotted i n  the form of 

monthly weighted meail concentratinns of sulfate i n  incident rain dur ing  

10/76-10/77 {Figure 32). A l s o  inciuded i n  this p l o t  ahbe weighted mgan 

concentrations o f  sulfate i n  ra in  collected d u r i n g  this s a w  period i n  

WBW. The comparability of the temporal variations i n  concentration at 

these f ive s i t e s  situated across the eastern u8 S. i s  strikl'ng. 

The sulfur 

/ 

The 

regional nature of the wetfall deposition of sulfate is apparent, 

Interestingly the peak sumner. concentrations o f  sulfate i n  rain a t  WBW 

are considerably lower than those peasred a t  Ithaca, New York, 

Pennsylvania State University, and Charlottesville, VA., being 

comparable to those measured at  the more remote Whiteface Mountain, New 

.York site. 

increased emission rates of S into t h s  atmosphere i n  the sumner and a 

Galloway speculated the summer maxima t o  be related t o  

concurrent faster ra te  cf oxi.dation of SOp t o  SO; aue t o  higher 

temperature and humidity. An alternative, perhaps additioial, 
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Fig. 32. Comparison of weighted mean monthly concentrations of sulfate 
i n  incident precipitation collected in Walker Branch 
Watershed ( W W )  and four MAP3S precipitation chemistry 
monitoring stations in New Y o A  (O,O), Pernsylvania (A), 
and Viryfnia (0). Adhpted from Galloway (1978). 
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explanation for the trends seen i n  the WBW data is that  the sumer 

maxima is i n  response to  synoptic meteorologic conditions which resul t  

i n  elevated pollutant gas and aerosol concentrations due t o  a i r  

stagnation, and i n  generally lower rain volumes per event, and hence 

less d i l u t i o n  of precipitation scavenged material, 

Whitby (1978) have confirmed this to be a viable explanation. 

Discussion w i t h  K. 

. 
The Relationship Between the Chemistry 
of Rain and Throughfall 

The chemistry of throughfall is the result  of the interaction 

between incoming precipitation and the vegetation-surface. T h i s  

interaction can be primarily w i t h  leaves and secondarily w i t h  branches 

(i.e., dur ing  budbreak, t o  some extent, and dur ing  maximum growth and 

senescence) or w i t h  branches alone (dur ing  dormant and the in i t i a l  

period of budbreak). 

generally interacts w i t h  3 tiers of leaves before exiting the canopy 

(Tukey, 1970). Depending on season and forest  type, a measurable 

fraction (generally 10 t o  20%) of the incident precipitation never 

reaches the forest floor, being evaporated from or absorbed directly by 

the leaf surface of i n i t i a l  contact. 

occurs primarily as throughfall w i t h  only 'L 5% as stemflow (Likens e t  

/ 

In a fu l ly  developed canopy, precipitation 

That which reaches the ground 

al., 1977). Stemflow was not considered i n  this study because of 

inherent problems i n  contamination f ree  sampling and its relatively 

minor contribution to the to ta l  water f lux .  

In a recent study of the quant i ty  of throughfall beneath different 

forest  types i n  WBW, Henderson e t  al .  (1977) noted t h a t ,  although there 

were differences i n  the amount of throughfall between seasons and 
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years, there were no sigRificant differences i n  the throughfall amount 

beneath the various canopy types regardless of season or year. Two of 

the canopy types studied were chestnut oak (t 50% Quercus p r i n u s  L. by 

basal area) and pcplar-beech (Q 50% L., % 4% 

Fagus grandifclia -. Ehrh .  1, corresponding to the throughfall stations i n  

this study. 

passed t h r o u g h  the pop1 ar-beech canapy and reached the ground, while 

for the chestnut oak the amount ranged from 83 t o  84%. 

During the growing season 84 t o  87% of the incident rain 

During the 

leafless period there r~as atl insignificant. difference from the above 

values (% 85% i n  each case]. 

The chemistry o f  irrcident precipitstior is altered t o  various 

degrees i n  passing thraough the forest canopy, the extent of change 

being related t o  the elerr!ent o f  interest and stagc of catiopy 

development (as previously discussed w i t h  respect t c  the data i n  

Table 26). Canopy intexeption inflaences the chemistry of rain by 

variocs means including sorption, ion exchange, chemical reactions, and 

leaching. Elements i n  t h r&tghPa l l  t h u s  resul t  from: (1) material 

or'iginally present i n  incoming rain and not scavenged or altered a t  the 

leaf/branch surface through cellular. uptake mechanisms G r  interactions 

w i t h  material present a t  the leaf surface, ( e ' )  material residing 

surf ic ia l ly  on the leaf/branch surface and subsequently washed o f f ,  and 

or (3) material originally presect w i t h i n  the vegetative t issue and 

leached by rain a t  the leaf surface. The orgin o f  elements i n  this 

last phase could he root uptake and translocatiov, gaseous uptake a t  

the leaf, or dissolut ion and uptake of particulate associated elements 

a t  the leaf surface pr ior  t o  the precipitation event (Wittwer and 
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Tcubner, 1969). 

occur i n  somewhat lower concentrations i n  throughfall because of 

A7ternatively some elements init-i 'ally i n  rain may 

adhering absorption by the leaf or adsorption onto the leaf surface or 

particles (Mi ttwcr and Teubner, 1969). 

To describe the relationship between incident precipitat  

throughfa l l  chemistt-y i n  WBa most accurately, the 2-year data 

on and 

se t  was 

subsampled by selecting only those events for which there existed 

analyses of b o t h  rain and throughfall collected simultaneously a t  one 

o f  the paired rain and throughfall stations (Figure 20). T h i s  data se t  

was comprised of 60% o f  the t o t a l  number of events sampled and included 

samples collected dura'ng each season and f a r  events ranging  i n  

precipitation vslme f rm 0.13 CBI - 11.4 rm. 

Figures 33 t o  35 graphically sumarize the relationship between 

incident rain and tiiroughfall che:nistry for each of the simultaneously 

sampled event dur ing  1976-i977. 

element corxentrations i n  throughfall relative t o  incorning rain is 

obvious, being most pronounced i n  the case o f  Mn. For every event 

sampled, regardless of canopy condition, the throughfall concentrations 

o f  Cd, Pb,-Mn, Zn, and SO; equalled or exceeded the concentration 

i n  incoming rain, althoaGh the difference was generally most pronounced 

dur ing  the per-iod of maximum canopy development (Q May to  October). 

The relationship between incident rain and throughfall hydrogen ion 

concentrations was more complex, w i t h  the pfl of rain generally lower 

thm that of throughfall during the growing season (budbreak + max, 

growth + senescence) and h ighe r  d u r i n g  the dormant Fezison, w i t h  some 

exceptions. 

- 
The effect of the forest canopy on the 

The relationship hetween raifi and throughfall 
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Fig.  33. Temporal variations in Cd (upper plot') and Mn (lower plot) 
concentrations in rain and throughfall for events sampled 
simultaneously from May 1976 to December 1977. 
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Fig.  35. Temporal variations in sulfate (upper plot) and pH (lower 
plot) concentrations in rain and throughfall for events 
sampled simultaneously from May 1976 to December 1977. 



ccncentraticns of ?by Zn, and SO; indicates a certain degree o f  

depsndenca, since temporal variations i,i rain concentrations are 

reflected by sirnijar fluctuations in throughfall levels, regardless of 

canopy status. 

The data comprisirrg the paired observations are summarized in 

Table 29 Lr’hicti presents mean concentrations ( 2  1 S.E.) in rain and 

throughfall, rain event characteristics, and ratios of throughfall/rain 

concentratiom. A comparison of the mean concentrations in this table 

with those for the complete data set in Table 26 gives an indfcation o f  

the representativeness of the paired data set. The mean values are 

within 20% of those for the complete data set, except for Mn in 

throughfall. This difference relates to the significant location 

effect m Mn in throughfali discussed in the previous section, since 

this data group inciudes ahservations only from one or two of the four 

throughfall sites. 
- 

Comparing the mean rain volume i n  this table with 

that for th2 overall data set  iv Table 25, and with that actually 

occurring during the period of sampling, indicates a similar 

comp arah i 1 i ty . 
The numerical relationship between the rain volume above the 

canopy and below, on an went basis, was determined using ordinary 

least squares linear regression andysis to be as follows: 

T = 0.941 - 0.05 (coefficient of determfnation = 0.97), 

where T = thraughfall and I = incidect precipitation vo?unie in cm. 

This is similar to the generalized equation of Helvey ana Patric (1965) 

where the relationships were considered on a seasonal basis: 
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Table 29. StatistScai summary o f  t3e relationship between incident 
precipitation and throughfall concentrations for storm 
events sampled sirnul taneoiisly above and below the canopy 

Combined data, 2 years 

Itx ident 
precipi tation Throughfall T/Ia 

Cd 

Mn 

0.12 -i- 0.06 pg/1 1.57 f 0.45 pg/1 4.4 k 1.2 

3.4G 2 0.79 211 f 29 160 f. 40 

Pb 7.69 f 1.!4 13.9 * 2.2 2.7 k 0.6 

Zn 6.52 f 6.22 14.2 f 11.3 2.9 5 0.3 

SOZ 4.9 f 0.6 mg/l 11.0 1.6 mg/l 2.9 k 0.3 

73 k 7 veq/l 62 f 8 veq/l 0.93 -t. 0.13 H+ 

(as PHI 
/ 

4.14 4.21 --- 
Precipitation vol ume 2.59 k 0.46 cm 2.45 k 0.43 em --- 

aThroughfal 1 to incident precipitation ratio. 

I , 
I 
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T = 0.901 - 0.08 for the growing season 

T = 0.911 - 0.04 for the dormant season. 

However, the generalized equations would underestimate the amount o f  

throughfall i n  WBW for this data set ,  to  some extent. 

(1977) applied these equations t o  WBW daily precipitat on data for 

1971-1973 and found good agreement, except during periods of heavy 

precipitation, when the generalized equations overestimated throughfall 

volumes. As pointed out  i n  Rutter e t  al. (1975), the frequency of 

observations is very c r i t i ca l  when calculating canopy interception, 

w i t h  errors i n  prediction increasing w i t h  decreasing frequency of 

observations. Thus, i n  some cases, better agreement might be expected 

Henderson e t  a l .  

when us ing  hourly or event rainfall  data rather than daily totals.  

The throughfall t o  incident ratios i n  Table 29 provide an 

indication of the relative effect of the canopy i n  altering the 

concentration of various components i n  throughfall. 

considerably larger influence on the chemistry of Mn than on the other 

elements s t u d i e d ,  increasing the incoming rain concentration by a 

factor of  160. Next i n  order of canopy influence was Cd (factor o f  

4.4), followed by Pb, Zn, and SO; (approximately a factor of 3 fo r  

each). Only i n  the case of H' d i d  the mebn ra t io  indicate a negative 

effect. 

ab i l i ty  o f  the canopy t o  either add or remove H' from incident 

- 
The canopy has a 

However, this rat io  is misleading because of the apparent 

precipitation (Figure 35), depending .on season. 

each element were calculated by season and by general leaf status of 

the canopy, and are sumnarized i n  Figure 36. 

Similar ratios f o r  

Canopy leaf status 



241 

0 cz 

3 

0- 

T 

+ 
td 

DORBUDMAXSEN L F a  NO 
LF, 

DORBUDMAXSEN LF, NO 
LF 8 
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two  leaf status periods. 
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relates t o  the presence or absence of leaves, the "no leaves" period 

including November-March (dwmant and the f i rs t  half of budbreak) and 

the *ileavEs" perioa, or growing season, including A p r i l  t o  October. 

Analysis o f  variance of seasona! effects {including precipitation 

volume as a covariate, i a  conjimction w i t h  Duncan's new multiple range 

test  as dfscussed ir: the p.revious section) failed t o  reveal any 

significant ( P  5 0.05) differences i n  seasorial th roughfa l l  t o  incident 

concentration ratios for any elements. As indicated i n  the figure any 

seasonal differences may have been obscured by the variability i n  the 

data, i n  particular due t o  the small size o? the seasonal subsets of 

this more limited data  set. 

do suggest a difference between thz growjng seasons (budbreak, max. 

growth, and senescence) and dormant season. 

However, the trends i n  the seasonal means 

By combining the seasonal 

data into periods of contrasting canopy development (leaves YS no 

leaves) it W ~ S  possible t o  increase the size of the subsets. 

concentration ratios dur ing  these pericds are also summarized i n  

Figure 36. 

throughfall chemistry was more pronounced dur ing  the leaves period than 

- 
The mean 

For Cd, Pb, Zn, and SO; the effect o f  the canopy on 

dur ing  the no leaves period, although there was a significant 

difference only for SO; ( P  2 0.05;. 

canopy on Mn cor,centrations W ~ S  substantial, but  similar during both  

periods. Hydrogen ion concentration, as described above, is  depressed 

by'canopy interactions dcring the growipg season bu t  is somewhat 

enhanced dur ing  the dormant season w i t h  the throughfall/incident ra t ios  

significantly different (P - c 0.051. These trends indicate the presence 

of leaves t o  be important i n  e*?hancing the levels of Cd, Pb, Zn, and 

The relative influence of the 
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SO: i n  throughfall, t h a t  both  leaf and bark ( twig )  interactions 

are important i n  increasing the concentration o f  Mn i n  t h r o u g h f a l l ,  and 

t h a t  leaves act to scavenge He from incoming r a i n  while the leafless 

canopy tends to  slSghtly increase the H+ concentration of throughfall  

relative t o  incident rain. 

H+ was not applicable throughout  the ent5re 1977 growing season 

since, dur ing  a short period, the interaction between incoming rain and 

the ful ly  developed canopy resulted i n  an increase i n  H 

Note, however, t h a t  this generalization for 

+ 

concentration (Figlrre 35). T h i s  will be considered i n  more detail. 

Linear Regression Analysis of the 
Throughfall - Rain Concentraticn Relationship 

To further examine the relationship between throughfa l l  and 

incident precipitation chemistry on a storm by storm basis, linear 

regression analyses were applied t o  the paired observatfors, As above, 

the data were trecited separately according t o  canopy leaf status. 

Using this method i t  is also possible t o  statist , ically tes t  the slope 

o f  the regression line f o r  a significant difference from 1, a value 

which would imply no effect of the canopy on incoming raiR. P l o t s  of 

the ordered pairs for each element are presented -in Figures 37 and 38, 

along w i t h  the regression lines and equations ( i f  h i g h l y  significant, 

P - < 0.01) for the two leaf status periods (indicated by L = laaves or 

N = no leaves). Al though  there is considerable scatter i n  the da ta ,  

the trends o f  increasing th roughfa l l  concefitratfons w i t h  increasing 

rain concentrations are apparer3, as was suggested by the temporal 

variation p lo t s  i n  Figures 33 t o  35. 

regression lines for the "leaves" data,  the linear approximations were 

As indicated Ly the plotted 

\ 
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illustrated are the results o f  the regression analyses if 
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f highly significant (P 50.01) for Mn, Pb, Zn, SO:, and H du r ing  

the growing season (L). 

somewhat less significant ( P  20.05) for Cd, Pb, and Zn during the 

dormant season (equations not plotted, see Table 30 for  coefficients). 

Table 30 summarizes the s t a t i s t i c s  for the regressions, including 

In addition, these approximations were 

slopes and intercepts o f  the models, correlation coefficients, 
2 coefficients of determination (r  ), F ratios of the regression model 

and its significance level, and t s t a t i s t i c s  fo r  testing the 

significance of the differences o f  the intercepts from 0, the slopes 

from 1, and the mean throughfall (I+-) and incident (I$) 

concentrations from each other. 

canopy is barren of leaves, the results of the interaction between 

During the period when the deciduous 

incoming rain and the canopy on t h r o u g h f a l l  concentrations i s  poorly 
/ 

defined. 

and Zn, meaning that  the computed regression slopes were significantly 

different from 0. However, i n  each case the regression constants were 

not significantly different from wha t  would be predicted from a simple 

1 t o  1 relationship between th roughfa l l  and incident precipitation 

(slope = I ,  intercept = 0). T h i s  indicates t h a t  the barren canopy has 

a relatively minor influence on the concentration of Cd, Pb, and Zn i n  

throughfall. 

ratios sumarized i n  Figure 36. T h i s  same simple relationship is also 

suggested by the plots of SO; and H' dur ing  the dormant period 

(N), t hough  there is considerable scatter.  T h i s  being the case, the 

throughfall and incident precipitation mean concentrations were also 

compared us ing  Student's paired t tes t .  

The simple linear approximation was valid only for Cd, Pb, 

T h i s  was also suggested by the throughfall/incident 

During the dormant period the 
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Table 30. S t a t i s t i c a l  s u m r y  o f  1 inear regression analysis using throughfal l  ( T F )  concentrations as the 
dependent variables and inc ident  ( I )  concentrations as the independent variables t o  conform t o  
the general equation: T F  = a, + a, - I. 

t s t a t i s t i c f  
t s t a t i s t i c d  t s t a t i s t i c e  f o r  HO:PT=PI 
f o r  Ho:ae=O f o r  Ho:a -1 vs. P T  ' "I 

a0 a1 
Element ( intercept)  (slope) . ra Db FC vs. a, + o vs. a, 1 (UT < for H+) 

Cd -9 
Mn 155 
Pb 2.99 
Zn 4.40 

2.78 
17 

Ed 8.07 
Mn -- 
Pb 2.86 
Zn 2.74 
so= -- 
H+4 - -- 

CANOPY STATUS = LEAVES 

- NSg NH NS 

1.56 0.88 *** 0.77 77 *** 
26.2 0.72 *** 0.52 25 *** 
1.50 0.75 *** 0.57 30 *** 
2.22 0.88 *** 0.77 75 *** 
0.52 0.52 ** 0.27 8 ** 

CANOPY STATUS = NO LEAVES 

2.01 0.81 0.65 9 * -- NS NS NS 
0.96 0.75 0.56 6 * 
1.58 0.79 0.62 8 * -- 0.67 0.45 NS -- 0.52 0.27 NS 

e 

5.1 *** 
1 .o 
2.6 * 
1.8 * 
1 .o 

0.15 

1 .o 
0.68 

-- 

-- -- 

- 2.3 * 
4.8 *** 2.3 * 
1.8 * 2.4 * 
3.1 ** 3.1 ** 
4.8 *** 4.2 *** 
2.6 * 1.8 * 

1.4 1.3 

2.2 ' 0.9 
2.2 1.4 - 1.8 - 1.2 

- 3.9 ** 

'Correlation coe f f i c i en t  and significance. 

bCoeff ic ient  o f  determination. 

'F value of regression equation and i t s  significance. 

dF t e s t  appl ied t o  the n u l l  hypothesis tha t  the in te rcept  term i s  equal t o  0; a s ign i f i can t  t s t a t i s t i c  
indicates re jec t i on  o f  the n u l l  hypothesis. 

eF t e s t  applied t o  the n u l l  hypothesis tha t  the slope i s  equal t o  1; a s ign i f i can t  t s t a t i s t i c  indicates 
re jec t i on  o f  the n u l l  hypothesis. 

ft t e s t  appl ied t o  the n u l l  hypothesis t h a t  the mean throughfal l  concentration (u ) i s  equal t o  the  
mean inc ident  p rec ip i t a t i on  ioncent ra t ion  ( P I ) ;  the a1 te rna t ive  hypothesis f o r  C$, Mn, Pb, Zn, and 
SO; was uT > P I ,  whi le f o r  H the a l te rna t i ve  hypothesis was P I  < UT. 
indicates re jec t i on  o f  the n u l l  hypothesis. 

A s ign i f i can t  t s t a t i s t i c  

g- o r  NS indicates no s ign i f i can t  regressionequat ion was found, o r  t h a t  the s t a t i s t i c  was not s ign i f i can t .  

hLevels o f  s igni f icance as fo l low: *** (P S 0.001), ** (P S 0.01), * (P S 0.05). 
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throughfall concentrations were significantly greater than the rain 

concentrations only in the case of Mn. Applying this test to the data 

collected during the growing season revealed significantly greater 

throughfall concentrations compared to rain for all elements except 

H'. The H+ concentration in throughfall was significantly 

decreased by canopy interaction, relative to incoming rain. 

The differences revealed by the t tests were, in general, 

confirmed by the regression analyses since the equations for Mn, Pb, Zn, 

SO;, and H+ were highly significant (P - < 0.01). Only for Cd was 

the linear regression model not statistically significant (P  > 0.05). 

The regression coefficients and interaction plots reveal three general 

types of relationships between throughfall and incident precipitation 

concentrations: 

SO:); (2) intercept not significantly different from 0 b u t  slope 

> 1 (Pb); and (3)  intercept not different from 0 but slope < 1 (H'). 

(1) intercept > 0 and slope > 1 (Mn, Zn, and 
/ 

Although the regression equation was not significant in the case of Cd, 

the plot of Cd in throughfall vs Cd in rain suggested it to behave 

similarly to group (2). 

corresponding to canopy effects characterized by (1) (corresponding to 

1 above) greater rate of increase o f  throughfall concentration relative 

to concentrations in incoming rain with an apparent "lower limit" for 

These relationships may be thought of as 

the concentration in throughfall, (2) greater rate of increase of 

throughfall concentrations relative to rain, but with a minimum 

concentration not significantly different from that in rain, and (3)  a 

significantly slower rate of concentration increase in throughf a1 1 
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relative to rain with a lower limit concentration not significantly 

different from that in rain. 

It is apparent from the coefficients o f  determination in Table 30 

that the variances in the rain concentrations alone account f o r  a 

considerable fraction of the variance in throughfall concentrations, 

c\r 75% for Zn and SO;, Q 50% for Mn and Pb, and % 25% for H + 

The large fraction of the variance accounted for by concentrations of 

Zn and SO: in incident precipitation suggests that the effect of 

the foliated canopy on throughfall concentraions is relatively constant 

over the full range of conditions sampled. This is also reflected in 

the small standard errors of the mean throughfall/incident ratios in 

Table 29 (2.9 k 0.3 for each element). However, for Mn, Pb, and 
+ particularly H there are obviously additional factors unrelated to 

incident precipitation chemistry which account for at least 50% of the 

variability in throughfall concentrations. 

The Role of the Deciduous Canopy in Throughfall Chemistry 

The three types of relationships discussed above, and the fact 

that they are valid over a wide range of precipitation volumes, lend 

some insight into the processes occurring at the leaf surface during 

canopy interception of incoming rain. 

dependence of both throughfall and incident precipitation 

concentrations on rain volume such that both are simultaneously 

effected by dilution with increasing rain volumes. 

considered in detail in the following section. Despite this 

possibility it is apparent that Mn is removed from the canopy at a 

The relationships may reflect a 

This question is 
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considerably greater rate (factor of Q 261 than it is supplied by 

incoming rain, and that, regardless of precipitation volume, there 

appears to be a minimum increment in Mn concentration in throughfall 

relative t o  the concmtr6tion in rain (represented by the significant 

intercept tern in the regression equation). 

the canopy interact-icn between tw igs  arld rain is less well defined but 

still results in a significantly higher throughfall concentration of 

Mn, Zinc and SO; appear to behave similarly to Mn, but only 
during the growing season, and with a considerably smaller rate of 

increase. 

the plant nutrient,’micronutrient group of those elements studied here. 

The interaction between r-eain and the leafless canopy did tend t o  

increase the concentration of Zn and SO; (Figure 36), but not 

significantly. 

canopy at a slightly greater rate than that at which they are cielise7ed 

(% 1.5 times for Pb) but not at a greater rate from the leafless 

canopy. 

with no apparent “residual” throughfall concentration. 

removed from the leafy canopy a t  a lower rate (Q 0 . 5 ~ )  than that of 

delivery in rain, indicating a neutralization or uptake at the leaf 

surface. 

During the leafless period 

Interestingly these three compments are the only members of 

/ 

Lead and perhaps Cd are removed fmom the foliated 

I n  both cases the throughfall concentrations tended to go to 0 

Free H+ is 

This was not true f0.r the leafless canopy. 

As previously djscussed the  contribution of ar! element t o  

throughfall by canopy leaching requires presence of. the element within 

or upon the leaf surface. 
originate ei:her frcm a b’ological requirement or passive uptake by the 

plant via roots or surface absoi*ption. 

Elements available within the leaves 

Eleinents available on the leaf 
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surface originate either from within the leaf, being leached by surface 

moisture and deposited during evaporation, or they originate from 

external sources, being transferred to the leaf surface as gases, 

liquids, or solids by atmospheric deposition processes. 

amount of an element leached from the canopy may be related to its 

concentraion within the foliage although this is not always true (Eaton 

et al., 1973). Recall from Table 29 that the relative effect of the 

foliated canopy on throughfall concentrations was greatest in the case 

of Mn, decreasing in the order: 

The absolute 

A similar conclusion was reached by Nihlgard (1970) in a study of 

throughfall collected beneath both beech and spruce canopies. However 

he had also studied the major plant nutrient elements, finding the 

relative increase in Mn concentrations beneath the canopy to be much 

greater than those for S, K, Ca, Mg, Ma, N, and P. Both Mn and S were 

hypothesized to originate from internal leaf leaching. In the beech 

forest the relative increase of Mn compared to S was by a factor of 

10 while in our case for the chestnut oak canopy this factor was Q, 50. 

Tukey (1970) compared the leaf leaching of the radioisotopes 54Mn and 

65Zn concluding that Mn was > 25 times more leachable then Zn. 

Eaton et al. (1973) used the ratio between foliar concentrations 

o f  an element during the growing season and the absolute net leaching 

from the canopy as a measure of the "relative leachability" from a 

hardwood canopy. 

concentration of an element in throughfall and the concentration in 

Net leaching is defined as the difference between the 
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incoming rain (usually expressed as the ratio of areal biomass ccntents 

to areal fluxes, in kg/ha/yr for each component). This gives a measure 

of the net addition (or loss) of an element resulting from canopy 

interception of rain and is a useful indication of the absolute 

influence of the canopy on throughfall chemistry. The mean net 

leaching concentrations from the chestnut oak canopy are summarized in 

Figure 39 on a seasonal and leaf status basis. 

and leaf status effects were determined as above using ANOVA and 

Duncan’s new multiple range test. As expected, all elements, with the 

exception of H’, showed higher net leaching during the growing season 

than during the dormant period, with the differences for Mn and 

Significant seasonal 

SO; between growing and dormant periods significant (P - < 0.01 and 

P - < 0.05, respectively). Hydrogen ion exhibited a significant’ 

difference between mean net leaching during the two periods, with a net 

loss during the growing season and a slight net gain during the dormant 

period. Seasonal differences were significant only for Zn and 

SO;. Zinc exhibited a significantly higher net leaching during 

the period of leaf senescence. 

higher during the maximum growth period when Pb and Mn leaching also 

reached a maximum, although not significantly so. 

variability in Cd leaching there were no clear seasonal differences. 

Sulfate net leaching was significantly 

Because o f  the 

The reasons for these seasonal and leaf status differences are 

related both to the variable efficiency o f  the canopy to scavenge 

atmospheric materSa1 depending on the’ stage of canopy development, and 

to the variability of element mobility in plant tissue. 

relationship may be as simple as a direct increase in scavenging 

The former 
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Fig.  39. Variations i n  mean ( 5  standard error) throughfall net 
leaching concentrations (t ; iroughfall  concentration minus  
incoming r a in  concentration) d u r i n g  four seasons and two ;eaf 
status periods. 
histogram bar are not significatitly different ( P  > 0.05, 
Duncan’; new multiple range tes t ) .  The significance of 
differences applies cnly w f t h i n  the four seasons or  two leaf 
ststus periods. 

Values w i t h  the same or no l&ter over the 

I 
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efficiency with increasing quantity and size of leaves in the canopy. 

The latter explanation would be expected tg have a greater influence on 

the elements with a known biological requirement (Mn, Zn, and SO;). 

From Figure 39 the mean net leaching concentrations for the 

growing season were as follows (in &/l): 

(242) >> In > (8.21 > Pb (7.2) > Cd (1.3) > H' (-23). As expected, the 

SO; (8500) >> Mn 

essential components dominate the net leaching chemistry, although much 

less so in, the case ob Zn. To compare the relative leachability with 

respect to foliar concentrations, the ratios between net leaching and 

foliar concentrations of the elements were calculated. These are 

sumnarized in Table 31. The foliar concentrations are the mean of 16 

samples of chestnut oak leaves collected in October near the end o f  the 

growing season, white the net leaching is for the growing season as 

given in Figure 39 (metal concentraions in leaves were determined by 

wet ashing o f  freshly washed leaves, as described in Chapter IV, using 

NBS standard orchard leaves as a procedural check. Soluble sulfate was 

determined following sonification of whole, freshly washed leaves in 

distilled water). In addition, the ratio o f  concentrations has been 

modified by a factor ~f 0.88 to convert the ratio to terms of  areal 

biomass content and areat- flux (i.e., standing crop of an element in 

chestnut oak foliage in kg/ha during the grawing season divided by the 

growing season net leaching in kg/ha). These terms are then comparable 

to those given in Henderson et aT. (1977) for major cations and 

nutrients far the chestnut oal< canopy in WBW. 

/ 

The high ratios for Pb and Cd indicate either that these elements 

are far more leachable from foliage than are the micro-nutrients or 
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Table 31. Relationship between net leaching from the chestnut oak canopy 
and foliar elemental concentrations during the growing season 

Re1 a ti ve 
Mean foliar a Net leaching leachability 

Component concentration concentra ti onb ratioc 

Cd 

Mn 

Pb 

Zn 

s o i  

0.11 

230 

0.40 

12.5 

11,000 

1.3 

242 

7.2 
- 

8.2 

8500 

11 

0.9 

16 

0.6 

0.7 

ar-cg/g dry weight. 

I br-cg/l a / _- 
‘(net leaching concentration/fol iar concentration) * (0.881. The factor 
converts the ratio of concentrations to one of areal loadings 
(@/ha / kg/ha). 
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that the net leaching concentrations result primarily from external 

surface deposited material and not from internal leaf leaching. Eaton 

et al. (1973) attributed "extremely high" net leaching to standing crop 

ratios of Na (5.6) and S (3.7) to "contaminationog of the forest canopy 

from the atmosphere. As suggested by the data discussed in Chapter I V  

and as will be discussed in Chapter VII, this is the case for Pb but 

not Cd. 

is Mn (0.9) > SO; (0.7) > Zn (0.6). 

For the essential elements the order to relative leachability 

The ratios were considered by 

Eaton, et al. (1973) to be somewhat indicative o f  the mobility of the 

elements within a tree during the growing season. 

interesting to compare the above ratios with those determined by 

Thus, it is 

Henderson et al. (1977), for a chestnut oak stand in WBW: 
/ 

K (0.21) > Ca (0.19) > Mg (0.09) > P (0.04) > N (0.03) . 
According to this, the micronutrients Mn and Zn are more mobile or 

comparable in mobility to several macronutrients. The data of Eaton et 

al. (1973) for a northern hardwood forest revealed a similar same trend 

in relative leachability o f  macronutrients, with the addition of Na and 

so;, 

rain 

both of which were more leachable than K. 

Summary: Mechanisms of Precipitation - 
Fo 1 i ar Interact ions 

At this point it is helpful to summarize the throughfall-incident 

relationship for each element and consider in detail the 

mechanisms of precipitation interactions with the leaf surface. 

Cadmium - The concentration o f  Cd in throughfall is significantly 

(P < 0.05) enriched by the interaction between rain and the fully - 
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developed forest canopy. However, the relationship is not 

significantly approximated by a linear expression, there being 

considerable scatter in the data. 

not a simple linear one suggests that the leaching of Cd from the 

canopy, internally or externally, is dependent on numerous factors 

related to season and meteorological conditions as well as other 

The fact that the reJationship is 

unknown factors. 

results in an insignificant increase in the concentration of Cd in 

throughfall. 

The interaction between rain and the leafless canopy 

The mean throughfall to incident ratio indicates that, on 

an annual basis, the concentration of Cd is increased By a factor of Q 4 

by canopy interactions. 

are scarce with the only available data indicating concentration 

Published throughfall/incident ratios for Cd 

increases of 1.5 and 3 times due to precipitation passing through a 

beech and a spruce canopy, respectively (Heinrichs and Mayer, 1977). As 

will be discussed in Chapter VII, the source of Cd in throughfall in 

GIBW is both foliar leaching and surface deposited aerosols which 

contain Cd in a water soluble form. 
_- 

7 Lead - Like Cd, Pb is significantJy enriched in throughfall 
relative to-rain only during the growing season. Unlike Cd, however, 

the rain - throughfall chemistry relationship during this period can be 
approximated by a linear expression: 

TF = 3-0 + 1.5 I (for concentrations in pg/1) , 

in which the variance in rain concentrations (I) accounts for Q 60% of 

the variance in throughfall ( T F )  concentrations. Since the intercept 

term was not significantly different from 0, the equation implies a 
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nearly constant 150% increase in throughfall concentratons with respect 

to incoming rain levels over the range of seasons and rain volumes 

studied. 

indicating higher levels during the perlod of maximum canopy 

development. 

increased scavenging efficiency of the fully foliated canopy for 

However, there is a trend in the seasonal net leaching data 

As discussed in Chapters IV and VI1 thls relates to the 

aerosols, and to the increased atmospheric loading of Pb during this 

period, since the primary source of Pb in throughfall is 

atmospherically deposited particles on the leaf surface. 

Mayer (1977) reached a similar conclusion regarding the atmospheric 

deposition source, reporting throughfall/incident ratios similar to the 

2.7 reported in Table 29, ranging from 1.3 to 2.6 for beech and spruce 

canopies. 

Heinrichs and 

Manganese - Of the elements studied, the chestnut oak canopy has 
the greatest influence on the concentration of Mn, significantly 

increasing the concentration regardless of canopy leaf status. The 

effect of the foliated canopy on the Mn concentration in throughfall 

can be represented by the linear expression: 

TF = 1.55 + 26 I . 
Although throughfall concentrations are enriched in Mn throughout the 

year, the net leaching from the fully developed canopy is significantly 

higher than from the leafless canopy, with a tendency for a peak in net 

leaching to occur during the maximum growth period. The seasonal 

trends in Mn enrichment in throughfall are apparently related to 

changes in plant physiology since, as discussed in Chapters IV and VII, 



259 

the primary source of Mn in throughfall is internal leaching. Tukey et 

al. (1965) considered foliar leaching of cations to involve a process 

of exchange and diffusion at the leaf surface. 

formed growing tissue are quickly metabolized and less susceptable to 

leaching loss (Tukey, 1970). However in aged tissue these compounds 

Nutrients in newly 

may be in more exchangeable or soluble forms and thus easily leached. 

This i s  suggested by the seasonal trend of Mn net leaching (Figure 39) 

which indicates lowest net leaching during budbreak and highest during 

maximum growth. 

When compared with other essential elements, on a relative scale, 

Mn i s  apparently as leachable from the chestnut oak canopy as K, an 

element considered highly mobile within plant systems (Tukey, 1970). 

Manganese is known to be quite mobile in acid soils and is rapidly 

released in dissolved form from decomposing litter, as well as from 

living leaves (Witkamp and Ausmus, 1975; Lindberg, unpublished data). 

It is also known to be present in relatively high concentrations in WBW 

soils (Fortesque et al., 1973; Turner et al., 1977). 

rapidly cycle through the plant/soil system in a reduced form (Mn+*) 

easily complexed by the plant (Tiffin, 19771, or as an organic complex 

(Rankhama and Sahama, 1950) being assimilated and rapidly translocated 

via the root system (Tiffin, 1977). 

passive, with Mn essentially following the flow of water th'rough the 

plant and into the twigs and leaves (R. J. Luxmoore, personal 

comnunication). 

Thus Mn may very 

The mechanism of uptake may be 

Presumably the loss during the dormatlt period is 

unrelated to active uptake but must occur from a storage pool, such as 

from the bark. Bark leaching is a complex process involving large 



populations of mosses, lichens, and microflora which may alter the true 

leaching by various exchange or sorption processes (Eaton et al., 

1973). In contrast to Mn, Ca is not readily leached from barren 

dogwood trees relative to foliated trees (Thomas, 1969). Manganese 

leaching concentration from the chestnut oak canopy is comparable to 

that reported for a beech canopy in Germany (net leaching in ug/l, 

Q, 250 from beech, Q 240 from chestnut oak) but considerably less than 

that reported for a spruce forest in Germany (Q 980 vg/l; Heinrichs and 

Mayer, 1977). 

in throughfall was atmospheric deposition and not internal leaching. 

Interestingly, Nihlgard (1970) studying similar forest types in Sweden, 

reported contrasting data in that the net leaching concentration from 

However, these authors speculated that the source of Mn 

the beech canopy (Q 730 ug/l) was considerably greater than that from 

the spruce (5  280 ug/1) when calculated from the tabulated data. 

Nihlgard (1970) concluded the Mn in throughfall to result from internal 

leaching, also in contrast to the conclusions of Heinrichs and Mayer 

(1977). 

- Zinc - The concentration of Zn in throughfall is significantly 
increased during the interception of rain by the developed canopy but 

not by the barren chestnut oak canopy. The degree of canopy influence 

as indicated by throughfall/incident ratios was consigerably less than 

in the case of Mn but comparable to Pb. 

re1 ationshi p f ol 1 owed the 1 i near expression : 

During the growing season the 

TF = 4.4 + 1.6 I . 



As r ~ a s  true for Mn, both rqression coefficients in the Zn equation 

were significantly greater than She "no effect" values of 0 for 

intercept and 1 for slope. 

increased at a rate '8 160% of that for incident rain concentration, 

with an apparent iowcr limit concentration of Q 4 pg/l in throughfall. 

The concentration of Zn in throughfall during the dormant canopy period 

varied in direct response to the co;icentration in incoming rain but was 

not significantly higher. 

is very similar to that previously reported for K (Eaton et al., 

1973). There is a stesdy increase in Zn net leaching throughout the 

growing season with a significant peak during leaf senescence. 

Thus the concentration of Zn in throughfall 

The seasonal variability in Zn net leaching 

Numerous investigators have observed similar seasonal patterns in the 

removal o f  other essential elenrents frsrn the forest canopy (e.g.f see 

the review - by Tukey, 1970), attributing the trends to leaf aging. 

growth and aging involves physiological changes and physical surface 

deterioration both of which increase the leachability o f  cations such 

Leaf 

I-. as K+ (Fogg, 1947) e 
/ 

Potassium is widely distributed in plants, occurring primarily in 

ionic form, 'or as charged particles on colloidal surfaces, is 

concentrated by an active transport process, is not generally 

associated with a specific compound within the cells or with a specifSc 

part of the cell, and is thought to act as a catalyst or cofactor in 

enzymatic reactions (Broda, 1965). 

catalytic role in plant enzyme reacticns (Bogorad, 1965; Broda, 1965). 

Zinc is also thought to play a 

However, its bekavior- in plant uptake and translocatim systems 

contrasts sharply with that of K, The uptake of Zn is predominantly 

i 
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passive, not requiring a metabolic process. The uptake i s  nonspecific 

in that many similar and dissimilar ions compete heavily, and it 

appears to exist within the plant as an anionic complex to some extent 

(Broda, 1965; Tiffin 1977). Experiments by Timperley et al. (f973), 

using differential centrifugation on tree leaf extracts, indicated Zn 

to be distributed nearly equally between supernatant (soluble) and 

chloroplast (including cell wall fragments) fractions. 

soluble form was as an anionic complex the state of the bound form was 

While the 

not considered. 

exist as a cation bound to the cell wall by ion exchange (Broda, 

1965). Thus Zn, like K, may be leached by the process of cation 

exchange (Tukey, 1970). 

of the interaction between the canopy and H+ in rain. 

of Zn from the chestnut oak canopy is complicated by the fact that a 

sign'lfi i-m t fmction of the net leaching is attributable to atmospheric 

However, a certain fraction of the Zn is belived to 

This is considered further in the discussion 

The leaching 
/ 

deposition (see Chapter VII). 

relative scale Zn shows a somewhat higher net leachability (0.6) than 

that given for K (0.2) by Henderson et ai. (1977). 

This may account for the fact that on a 

Sulfate - During the growing season the concentration of SO; 

in throughfall increases due to the interaction between rain and the 

forest canopy according to the relationship 

TF = 2.8 + 2.2 I (for SO; concentration in mg/1) , 

This indicates that throughfall concentrations increase at 

approximately twice the rate of increase o f  incident rain levels with a 

significant "lower limit" throughfall concentration o f  Q 3 mg/l as the 
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concentration in rain approaches zero. 

canopy also results in a small but insignificant increase in 

throughfall sulfate concentrations. 

a significant seasonal trend such that the highest net leaching occurs 

during maximum growth, while budbreak and senescence are approximately 

equal. Thus SO; tends to behave similarly to Mn. However, unlike 

Mn, the seasonal variability in net sulfate leaching is not solely 

related to physiological changes since a significant fraction of the 
1- net leaching is attributable to atmospheric deposition (Chapter VII). 

Sulfur occurs both within the leaf and associated with particles 

deposited on the leaf surface as a readily soluble, highly mobile, 

SO; salt. Thus the maximum growth period peak in net leaching may 

relate to incrwed efficiency of atmospherfc scavenging, increased a i r  

concentrations of both SO2 and SO;, and increased uptake, 

translocation and leachability of sulfate within the leaves. 

Interception by the leafless 

During the growing season there is 

Numerous contrasting reports exist on the source of sulfate in 

throughfall. Eaton et al. (1973) reported a tendency for SO; to 

occur at higher concentrations in throughfall beneath a hardwood forest 

during July and September than during June and October although net 

leaching data was not presented on a seasonal basis. 

throughfall/incident concentrations during the growing season ranged 

from 3.4 to 9.0 and was dependent on tree size and type (compared to 

3.2 for WBW chestnut oak, Figure 36). The relative leachability (net 

removal/standing crop) during the growing season was 3.7 or Q 5 times 

that seen here. The high ratio was not thought to be explained by 

The ratio of 

rapid cycling of S but was tentatively attributed to atmospheric 



deposition. 

throuyhfall/incident rat!os of 2 to 4.6 beneath beech and spruce 

canopies and stated that leachfng of metabolic substacces was of minor 

importance in the increase in throughfall ccxentrations. 

Bush (19773 Yeysrted SI throughfall/incident ratio of 4.4 for SO; 

beneath a eucalyptus cancpy for a 5-mo~th period. 

Similarly Heinrichs and Mayer (1977) measured 

McColl and 

Interestingly for 14 

storms sampled on an event basis they found no signlficant correlation 

between SO: concentrations in throughfall and incident rain 

(r = 0.02 compared to r = 0.88 for WBW],  although this may relate to 

the fact that bulk precipitation was collected and not wetfall only. 

The authors concluded that the larger amount of SO; in throughfall 

was attributable to irnpxtien o f  particles c ~ n  leaf surfaces rather than 

leaf leaching. 

correlation between throqhfal 1 and r a in  concentritions becairse of the 

non-comparable scavenging efficiencies for atmospheric particles by the 

If thTs were true, i t  would support the lack of 
/ 

developed canopy and the funnels used to collect bulk rain and 

throughf a1 7. 

In contrast Nihlgard (1970) reported ‘dissimilar ratios of 

throughf all/incident beneath a beech (1.2) and spruce { 5.7) forest and 

attributed the increase beneath the spruce canopy to the leaching 

process. 

composition of rain above and beirolrr sn inert plastic net was measured 

to deterrni3e the sulfate in throughfall due to particle deposition. 

The below/above SO; ratio was intermediate between those of the 

two forest canopies (3.9j. 

SO; in throughfall results from bcth leaching and particle 

This conclusion was based on a re!ated experiment wherein the 

This tends to support the hypothesis that 
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deposition, depending on canopy type. Raybould (1977) recently 

reported that 90% of the sulfer gain in TF below a wheat canopy was due 

to internal leaching and that only a small fraction of the SO: dry 

deposited onto the leaves 

made some tenuws assumptions and neglected some very important 

points. In order, to est 

uld be washed off. However, the authors 

e the amount of dry deposition sulfate the 

authors assumed the composl'tion of throughfall and stemflow to be 

equal, an invaHd assumption at least for forest trees (Eaton et al., 

'. 1973; Nihlgard, 1370; Patterson, 1975). The authors considered only 

the dry deposition of SO2 Pn the calculation o f  foliar surface 

deposited sulfate, neglecting active or passive plant uptake o f  SO2 

and, most importantly, dry deposition and impaction of aerosol 

sulfate. If these consideP-ations had been included in their 

calculations the ratio of leached SO; to dry deposited SO; 

would have been reduced. 

Hydrogen ion and the cation exchange process - Hydrogen ion, 
unlike the other componentss is decreased in concentration by the 

interaction between incident precipitation and the foliated forest 

canopy. Although. the relationship between rain and throughfall H+ 

concentrations .fs not as clear as In the case of the cations Mn, Pb, 

and Zn, it roughly follows the expression: 

The intercept tern is not significantly different from 0 implying that 

approximately 5 of the hydrogen entering the canopy is removed before 

reaching the gro d. There Is considerable scatter in the data with 
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the variance in incident rain concentrations accounting for only 27% of 

the variance in throughfall concentrations. The relatively poor fit of 

the regression line suggests the H - canopy interaction to be 
strongly influenced by several other factors including meteorological 

conditions and seasonal leaf status. Although the seasonal differences 

are not significant they suggest the highest degree of  removal to occur 

during the period of maximum growth with less during budbreak and 

senescence. 

flf in throughfall i s  increased, but not significantly, relative to 

+ 

During the leafless canopy period the concentration of 

incoming rain. 

The potentia7 effects of increased leaching of macronutrients as 

related to H' uptake at the leaf surface has been discussed in 

general in the recent review by T a m  and Cowling (1976) and for some 

individual cases in the recent symposia volume edited by Dochinger and 

Seliga (1976). 

low pH (acid rain) and trace element chemistry at the leaf surface has 

/ 

However the interaction between leaching solutions of 

not been widely considered. 

the leaf surface i s  thought to involve exchange reactions a1 the 

cuticle. 

hypothesized f o r  K, Rb, and Sr (Tukey, 1970), suggesting a simple 

cation exchange process. Cations, such as Ca, are translocated from 

The interaction between H+ in rain and 

This has been demonstrated for Ca (Tukey et al., 1965) and 

roots to leaves by a process involving various exchange reactions 

(Tukey et al., 1965). The distribution of Ca within leaves and 

movement through the cuticle also occurs via exchange processes 

Snvolving sites on cell walls and pectinaceous material penetrating the 

cuticle (Mecklenberg et al., 1966). Calcium can then be leached from 



267 

the leaf by cation exchange between H+ in the leaching solution 

(rain) and Ca on the cell wall exchange site, followed by outward 

diffusion through the cuticle. 

cuticle exchange sites external to the leaf may occur. 

and Mn are believed to occur and be transported within plants as 

divalent cations (Bowen, 1966; Epstein, 1965; Tiffin, 1977) this 

process may also account for foliar Mn leaching. As discussed above, 

Mn is apparently more readily leached from the chestnut oak canopy than 
i s  Ca. 

Alternately direct exchange of Ca on 
Since both Ca 

A similar process may not occur in the case o f  Zn and sulfate 
because of their anionic nature in plant solutions, as discussed 

above. Tukey and Morgan (1964) have suggested that leaching of 

SO; and PO; are not affected by experimental treatments to 

the same degree as cation leaching and may be related to a different 

mechanism. Zinc, although it does occur in plant solutions as an 

anionic complex, may reside at exchange sites as Zn 

leaching may be partially controlled by exchange with H+. This may 

- 

++ and thus its 

explain the slight difference in net leachability of Zn (0.7) compared 

with Mn (0.9, Table 31). 
+ Reports of increased leaching related to increasing H levels in 

leaching solutions have generally involved major cations. Wood and 

Borman (1975) treated tree seed1 i ngs under contro 1 1 ed conditions wit k 

artificially applied mist and reported increased leaching of catons as 

mist pH decreased. Fairfax and Lepp (1975) leached leaves o f  tobacco 

plants with pH = 6.7 and pH = 3.0 artificial precipitation, acidified 
+ with dilute H2S04. They found increasing H concentrations to 
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significantly increase the Ca leaching (by a factor of % 4), 

significantly decrease the K loss (by a factor o f  % 4), and not  effect  

Mg leaching, The decrease i n  K leaching was speculated t o  be the 

decreased efficiency of the selective root  uptake mechanism for K 

caused by acid application, leading to  a decreased uptake and, hence, 

avai labi l i ty  for Jeaching. A similar analysis of the WBW data suggests 

that  both cations and anions are leached from the chestnut oak foliage 

dur ing  the growing season i n  increased quantities i n  response t o  

decreased pH levels of the incoming rain. Linear regression analysis 

of the relationship between element net leaching and incident rain H+ 

concentrations revealed s t a t i s t i ca l ly  significant positive slopes for 

both SO; and Mn (Mn, r = 0.65, P - < 0.01; SO;, r = 0.56, 

P < 0.01). 

net leaching w i t h  increased H concentrations i n  r a in ,  although, the 

regression analysis d id  not yield slopes significantly different from 

zero. 

/ 

The remain’ing elements also exhibited a trend of increased - 
+ 

Eaton e t  al. (1973) considered the H+ exchange phenomenon i n  the 

context o f  element cycling i n  a northern hardwood forest. The authors 

found that during t h e  growing season, ‘L 90% of the H* was removed 

from incoming rain by the canopy. On an equivalent basis ,  th i s  

hydrogen exchange accounted for a t  least 27% of the cation leaching 

‘which occurred from the canopy dur ing  the growing season. 

calculation can be done for the data collected i n  WBM. 

A similar 

Precipitation 

weighted mean concentrations (see Chapter VII) were calculated for the 

paired observation data set for two growing seasons and combined w i t h  

the hydrologic i n p u t ,  yielding a net H exchange loss at  the canopy + 
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o f  6.6 x lom6 meq/ha. 

leaching was 4.0 x 

exchanged. 

(primarily K and Ca) from the chestnut oak canopy was % 80 x lom6 

meq/ha, for  a t o t a l  of 84 x 

H+ exchange may account for  only 8% of the net cation leaching from 

the canopy and tha t  other processes of f o l i a r  loss must be involved. 

During this period the net t race cation 

meq/ha, or less than 60% of the H+ 

However, the estimated growing season major cation leaching 

meq/ha, T h i s  indicates tha t  simple 

The ro l e  o f  strong and weak acids i n  hydrogen ion chemistry - Some 

o f  our recent work on rain chemistry, presented elsewhere (Hoffman e t  

, al., 1979) has explored the ro l e  o f  strong and weak acids i n  rain above 

and below the chestnut oak canopy. 

acidi ty  as measured by a standard pH electrode i s  from a l l  protons i n  

solut ion,  regardless of source. 

solution while weak acids, both organic and inorganic, pa r t i a l ly  

dissociate.  The degree o f  weak acid dissociation increases w i t h  

increasing pH such tha t  a t  the pH of most acid precipitation samples 

( e  5.6) they contribute negligibly to  the f r e e  acidi ty  and primarily t o  

the to t a l  ac id i ty  (Galloway et a l , ,  1976). 

WBW during the 1977 growing season we found weak acids t o  account fo r  

% 30% of the to t a l  ac id i ty  i n  incident rain (x * SE = 33 It 3%). 

The contribution t o  the f r e e  

Strong acids completely dissociate i n  

For 11 storms sampled i n  

T h i s  i s  

similar t o  the ear ly  data published on weak acids i n  rain by Galloway 

et al .  (1976) who reported a contribution o f  32% weak acids t o  the 

total acidi ty  i n  one storm sampled dur ing  July i n  the Northeast. 

2 

The contribution of weak acids t o  throughfall chemistry has not 

been previously quantified. In throughfall collected beneath the 

chestnut oak canopy for  the period described above, we found weak acids 
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to contribute approximately twice as much t o  the total  acidity (57 

thm was the case for incoming rain (Q 30%). 

contribution o f  the weak acids t3  the free acidity was negligible i n  

both rain and throughfall. On a cot,centration basis the average net 

loss of strong acids f r m  the incoming rain to the canopy was Q 30 peq/l 

while the average ne? gain i n  weak acids was CL 40 peq/l. 

4%) 

In general the 

I t  is  

apparent t h a t  the rcile of weak acids i n  cation leaching i n  t h r o u g h f a l l  

must be considered. 

well known, it is t h o u g h t  t o  be a polyester of C16 - C18 acids 

(Albersheim, 19E5). 

could be expected t o  resul t  i n  some degree of structural alteration 

(Garrells and Christ, 193) such t h i i t  some components of the negative 

framework would dissolve irrta the surrounding so?ution. Thas the 

interaction between HS i n  rain aRd the canopy may be responsible for 

both cation displacement and weak acid leaching. 

mere aetail  i n  Hoffman e t  a l .  (1979). 

Al though  the composition of leaf cuticle is not 

The zction of this material as an exchange s i t e  

.- 

This  is discussed i n  

With this background it  is useful t o  reconsider thz event by event 

variations i n  rain and throughfall pH as shown ir! Figure 35. Duriiig 

the maximum growth period i n  1976 the influence of the Hf exchange 

process was apparent, yielding consistently higher pH va7ues i n  

throughfall. A t  the end o f  the sznescence period, following leaf f a l l ,  

and up t o  the s t a r t  of the budbreak period, the t h r o u g h f a l l  pH values 

were similar t o  b u t  consistzntly lovJer than the incident rain pH 

values. Th i s  is at%ributed to  leaching of primarily weak organic acids 

and, i n  some rases: strong acids from bark and twigs (Hoffman e t  al.,  

1979). Following budbreak and canopy refoliation, the pH again 
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reverses such that the throughfall pH exceeds that o f  incoming rain, 

indicating H’ exchange a t  the newly formed leaf surface. However 

this trend !vas not mintained throughout the growing season, as i t  was 

dur ing  the previous year. 

throughfall pH values were less t h a n  o r  comparable to  those i n  rain 

above the canopy, w i t h  me  exceptim. T h i s  suggests that  the fu l ly  

developed canopy had temporarily lost the ab i l i ty  t o  remove H from 

incoming precipitation. 

concomitant decrease ir, net leaching of other cations, however 

(Figures 33 and 34)- 

period must hzive involved some other mechanism than the cation exchange 

process described above, or that  the H+ ions, once at  exchange s i tes ,  

For f ive successive storms i n  May - June the 

-I. 

This phenomenon d i d  not coincide w i t h  a 

The indication is  t h a t  leaching dur ing  this 

were not retained by the leaves. .- 

We have found that  th i s  phenommon of higher thrcwjhf371 acidity 

relative to incident rain dur ing  fu l l  canopy dzvelopment s’s caused by 

increases i n  b o t h  strong and weak acids i n  throughfall (Hoffman e t  al.,  

1979). T h i s  indicates increased weak’acid leaching from the leaves arid 

solubilization o f  particles on the leaf surface having a strang acid 

reaction. 

ambisnt air and deposited on various surfaces (see Chapters 111 and 

IV), 

days of no precipitation (except for a brief 10 minute shower o f  0.1 cm 

on the 5th day preceeding the s t a r t  of t h i c  period) during which time 

Aerosols w i t h  a strong acid nature are abundant b o t h  i n  

Interestingly the above ‘$3 reversal” perfod was preceeded by 15 

several loca7 a i r  stiignation bblletins were issued. The period was 

characterized by mln,  hazy canditims, and frequent 

inversion/Tumigazion events (see Chapter I I I ) ,  during which time the 

I 



272 

03, SO2, TSP, and NO, concentrations i n  ambient a i r  exceeded a i r  

quality standards (Knoxville - Knox County Air Quality Board, personal 

comnunication). 

The interaction of the strong oxidant O3 a t  and internal t o  the 

leaf surface is known to attack double bonds and affect membrane 

permeability (Mudd and Kozlowski, 1975). 

acids, which comprise the cuticle, include free carboxyl groups which 

would be l ikely s i t e s  o f  cation exchange. 

of reaction w i t h  03, as would be predicted by a s t r i c t  chemical 

consideration, their ab i l i ty  to behave as H+ exchange s i t e s  would be 

The esterified C16 - C18 

If these groups are points 

significantly impaired. 

reversal. 

was sampled) were generally small i n  volume ( c  2.5 cm). Hawever the 

first major storm fol lowing  this period (> 11 cm) resulted i n  return of 

the throughfallhain pH relationship t o  that  expected for the developed 

canopy (throughfall pH - > rain pH). 

large volume of rain eff ic ient ly  cleansed the leaves and i n  some way 

T h i s  may par t ia l ly  explain the subsequent pH 

The storm events occurring dur ing  this period (every event 

- 

I t  may be speculated that this 

restored the exchange nature of the surfaces, since the storms 

following this resulted i n  considerably higher throughfall pH's 

relative to  incoming rain. 

throughout the remainder of the growing season, although there were two 

more events where the pH of rain was essentially unchanged following 

canopy interception (Figure 35). 

T h i s  "normal" relationship was maintained 

During the period following leaf f a i l  

(approximately October 20) throughfall pH was 'consistently less than 

that  of the incident precipitation. Detailed information on the 
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strong 'and weak acid character of precipitation col lected during 

rnaximurri growth and senescence (1977), and dormant and budbreak (1978) 

is given ir, Hoffmati et a l .  (1979). 

Meteorologicitl Effects : Element Ccncentrations 
in Incident Y r e c i D i t a ~ ~ a n d T h r o u g h T a l l  as a 
Function o f  Amoant m y p e  o f  Precipitation - 

A Geiieral Background o f  Rainfall 
Type - Concentration-Relationships 
The relationship betneen elemental concent.rations in incident 

precipitation and the cjttantity o f  rainfall is we31 known and has been 

discussed for several major constituents (Eriksson, 1952; Junge, 1963; 

Wolaver and Leith, 1972). 

constituents in rain and various precipitation characteristics have not 

been considered in' detail, particularly in the case o f  wetfall on7y 

samples, nor have the concentrations o f  trace constituents in 

throughfall been simil arly investigated, 

relationship is the inverse nature o f  the precipitaticn volume - 
concentration interaction. 

explain this feature. 

evaporation effect when raindrops at tke leading edge of a storm fall 

However, the relationships between trace 

. 

The most often presented 

_ -  
Several mechanisms have been suggested t o  

Huff and Stout (1964) have irnplicated the 

through relatively dry aSr Jead4ng to higher. concentrations during the 

initial part o f  a storm and thus higher concent;-ations in smaller storm 

volumes. Also implicated was the scavenging of beloh cloud dust during 

the initial period o f  a storm. Gatz and D$ngle (1971) studied the 

concentratior, variations during individual convective rsins and 

conclrrdec! t h t t  variations in rafn concentrations were the result of 

! 
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individual changes w i t h i n  moving rain cells i n  conjunction w i t h  

horizontal and vertical advection of concentration gradients i n  the 

rain f ie ld  leading t o  generally inverse relationships between rainfall  

ra te  and concentration, b u t  occasionally also t o  direct relationships. 

However, their  data supported the hypothesis that  the in i t i a l  

precipitation of the largest and most easily scavenged nuclei result  i n  

higher concentrations i n  smaller showers and low concentrations i n  the 

heaviest rafn. 

processes o f  d i f fus ive  aerosol capture, i n i t i a l  rain evaporation, and 

dilution of trace substances by heavy ra in  t o  explain inverse 

re1 a t i  onships. 

Bleeker et al .  (1966) suggested a combination of the 

As suggested by Englemann (1971), the process o f  the cleansing of 

the a i r  by precipitation is perhaps easiest t o  predict when considered 

as two mechanisms, t h e  so called "rainout" and "washout" processes. As 

recently reviewed by Slinn (1977) th i s  terminology is subject t o  misuse 

and should be replaced by the fu l l  expressions relating t o  each. 

Rainout is more properly termed in-cloud scavenging and refers t o  

precipitation scavenging ini t ia ted dur ing  the formation and- growth o f  

cloud particles resulting i n  removal o f  material from w i t h i n  the cloud 

followed by deposition on the ear th 's  surface. Washout refers to 

below cloud scavenging and involves precipitation scavenging by fu l ly  

developed hydrometeors resulting i n  wet deposition of material from 

beneath the cloud t o  the ground. 

The theory of precipitation scavenging is well developed i n  the 

l i terature and will be briefly discussed here t o  serve as an 

introduction t o  some empirical considerations. Several early and 
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recent reviews on the subject may be consulted for more detailed 

discussions of the theory involved (Engelmann, 1968; Facy, 1962; Junge, 

1963). The scavenging process involves repeated exposure of particles 

and gases to  condensation or precipitation elements w i t h  some chance of 

collection at  each exposure. 

the collection mechanisms o f  nucleation and condensation related 

phenomena. 

In-cloud scavenging primarily involves 

These i n  t u r n  are dependent on e lectr ical  effects,  

coalescence, d i f f  usi ophoresus, Brownian mot ion , and velocity 

gradients. Various simplified considerations of in-cloud scavenging 

efficiency have resulted i n  values ranging  from 0.1 t o  1.0 (depending 

on cloud type, age, and residence time o f  a i r  parcel w i t h i n  the cloud), 

a l l  values which were considered significant by Engelman (1968). 

Below-cloud scavenging primarily involves collection due t o  inertia. 

The fa l l ing raindrop sweeps out  a volume of air b u t  because of inertia,  

electrical  attraction, and molecular d i f fus ion  some fraction of the 

particles below the cloud will cross the fal l ing drop streamlines and 

- 

intersect the rain drop. 

fraction carried away by the droplet is termed the retention- 

efficiency: T h i s  fraction multiplied by the fraction of the total  

Since contact does not imply collection, the 
_ -  

material intercepting the raindrop p a t h  is the collection efficiency, 

values of which range from 0.2 t o  1.0 and are dependent on drop 

diameter (Engelmann, 1965). 

processes are also strongly related t o  the size d i s t r i b u t i o n  of 

particles i n  the air .  

Both the i n -  and below-cloud scavenging 

Since the below cloud mechanism is largely an 

iner t ia l  process the scavenging efficiency i s  directly proportional t o  

the particle size, as stated by Engelmann (1968): E = f (a2,, D) 
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where E = below cloud scavenging efficiency, a = particle radius, p = 

particle density, D = rain droplet diameter. 

1 ym are very inefficiently removed by falling drops, indicating that 

Particles smaller than 

washout may be restricted to giant particles (Junge, 1963), although 

Engelmann warns that the theory must be cautiously regarded because of 

the uncertain electrical effects which may enhance small particle 

washout. 

smaller raindrops and submicron particles in viscous flow such as in 

clouds. 

elements by Brownian motion or the water vapor gradient and consumption 

of particles as condensation nuclei also results in a dependence o f  in 

cloud scavenging efficiency on particle radius (Jung, 1963). 

Collection due to inertia is much less significant for 

For these materials the attachment of particles to cloud 

The 

combination of these processes results in a bimodal distribution of 

scavenging efficiencies with particle size (Junge, 1963; Englemann, 

1968; see also the example given by Dana and Hales, 1977). 

distribution indicates increased scavenging of particles less than 

This 

approximately 0.05 vm and greater than approximately 0.1 ym. The 

considerable complexities of these scavenging processes have ~ been 

discussed in detail i n  a recent paper by Slinn (1977) including several 

theoretical’and empirical approaches to the problems o f  assessing 

collision efficiency, below cloud rain and snow scavenging, scavenging 

from within clouds and industrial plumes, and washout ratios. 

The observed relationships between rainfall volume and elemental 

concentrations appear t o  depend on the predominance o f  one of the two 

scavenging processes during a particular storm type or during a given 

period in the course o f  a storm. For example, Junge (1963) reported 
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that, based on his own work and data of others, concentrations in 

relatively small rain events showed considerable scatter of values but 

decreased as rain volume increased. One example cited was the decrease 

in the m~ximum/minimum concentration ratios from > 20 for events of 

5 1 mm, to 10 for storms o f  % 10 mm, and t o  % 5 for events of Q, 20 mm. 

The decrease in the ratio was in each case due primarilyto a decrease 

in the maximum concentrations, the minimum values being generally 

unaffected. The increased concentration variability for smaller rain 

volumes &as attributed to the predominant influence of below-cloud 

scavenging and particularly rain drop evaporation which can 

significantly increase precipitation concentrations. For larger 

amounts o f  rainfall both of these factors become less important since 

in-cloud scavenging becomes the dominant factor and the increased 

humidity associated with larger storms will decrease evaporation. 

minimum values are less affected by storm volume since they are 

The 
- 

controlled within certain limits by the maximum water content and 

minimum elemental air concentrations associated with a particular rain 

event. The overall result o f  these influences is a decrease l’n the 
_ -  

c 

average concentration in rain as the amount of precipitation increases 

(Junge, 1963). 

Some attempts have been made to separate the effects of within and 

below cloud scavening. 

precipitation in Frankfurt and in a remote control area near 

Georgii and Weber (1966) collected 

Frankfurt. 

authors assumed in cloud scavenging to be similar between sites but 

that belaw cloud processes would be more important in Frankfurt which 

Because of the geographical location of the sites, the 
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is influenced by the considerably higher pollu+,ion levels. The data 

for NH4, "03, and C1- indicated higher concentrations i n  + 

rain at  Frankfurt f o r  events o f  

for larger stGrmso 

constituents to be essentially completed for  storms of > 5 m and that 

the influence of local emissions was much less obvious for larger 

rainfall  volumes. 

were consistent!y higher for larger vollmes as well. 

attributed t h i s  effect  to below-cloud scavenging of SO2 i n  addition 

to  scavenging of S C ~  aerosols. 

6 mn b u t  comparable concentrations 

The authors suggested belcw-cloud scavenging of the 

Iiowever, for SO; the Frankfurt concentrations 

The authors 

Classification o f  Event Pwameters Measured 

Before considering the details  OF the cmcentration - precipitation 

relationships i t  is csefui to  define the storm pwameters observed, 

calculated, or measur2d for each event. Tabie 32 descrihes the major 

parameters which were considered relevapt t o  characterizing any given 

rainfall  event i n  this study; these were rainfall  ?'olume, duration of 

event, length of antecedent period, pFecipitation intensity, and nurrber 

o f  individual events per sampling period. The nethods for determiniqg 

each parameter were described detail earlier.  Briefly precipitation 

volume was measured u s i n g  portable plast ic  wedge type rain yauges a t  

each sample s i t e .  

of the 5 s i t e  rain gauge network operating continuously a t  WBW. 

These values were compared for  each event w i t h  those 

Whenever evaporation from the exposed plastic gauges was significarrt 

the values were replaced by these measured over the network. 

correction was necessary on fewer than 5% of the samples. The data 

T h i s  
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Table 32. Definitions of precipitation event characteristics 
determined for each rain period sampled 

Termi no1 ogy Symbol a Definition 

Rai nfal 1 vol ume, 
Measured preci- 
pi tation 

Precipitation 
event 

Event 
duration 

Storm 
intensity 

Antecedent . 
conditions 

v, 
Rainclass 
Meas pp t 

No. event 

Dur , 
Duratn 

Int, 
I ntens ty 

Ant, 
An tecedt 

The total amount of precipitation 
measured at the site of sample 
collection, during the time samples 
were being co11 ected (expressed 
in cm). 

An event was defined as any period 
of measurable precipitation (>0.25 
mm) preceded and followed by six 
continuous hours of no precipita- 
tion. 
ber o f  events sampled during a 
given period. 

No. event signifies the num- 

Total period of time of measurable 
precipitation, or length o f  storm 
event (expressed in fractional 
days). 

Event averaged precipitation inten- 
sity or rainfall rate as volume per 
unit time (expressed in mm/hr). 

Length o f  time between initiation 
o f  a given precipitation event and 
the end o f  the previous measurable 
quantity of precipitation (expressed 
in days). 

. aRefers both to computer abbreviations used in Appendix B and to 
names of cl ass vari ab1 es where appropriate 
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collected by the continuous recorders was used i n  conjunction w i t h  N O M  

data collected fo r  the Oak Ridge s i t e  for determination of the number 

of events occurring during each sampling period, the duration o f  each 

event, the intensity, and time since previous rain. 

The values of these characteristics are summarized i n  Table 33 for 

the events sampled dur ing  1976-1977. 

deviation, and range f o r  the continuous variables and, additionally, 

median and mode for the class  variable "number of events" (which could 

Indicated are the mean, standard 

take on only whole number values). 

range of values fo r  each parameter w i t h  measured precipitation, 

The storms sampled exhibited a wide 

antecedent period, and intensity ranging over 2 orders of magnitude and 

duration over a factor of 50. The coefficients of variation for each 

of the continuous parameters exceeded 70% indicating a wide scat ter  i n  

their  d i s t r ibu t ions .  

be expected t o  account f o r  the large variance i n  the elemental 

Th i s  suggests that  some of these parameters m i g h t  

concentrations t o  some extent. The non-continuous variable "number of 

events" ranged from 1 t o  6 w i t h  a mean of 2 b u t  the mode and median 

values were both equal t o  1 indicating the predominance of single event 

sample periods. 
~ 

For several reasons i t  is he lp fu l  t o  describe more completely the 

d i s t r i b u t i o n  of precipitation volume f o r  the events sampled (because of 

the known relationships described above, i ts  large range and 

cbefficient of variation, and i ts  inherent relationship w i t h  the other 

storm parameters). 

for  measured precipitation fo r  a l l  events sampled. As i n  the 

Figure 40 describes the fu l l  d i s t r i b u t i o n  of values 
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Table 33. Characteristics of all rain events sampled during 1976-1977 

Precipitation Standard Coefficient of 
characteri s ti c Mean deviation Range variation 

Ralnfall 
vol ume 3.10 cm 3.15 

Antecedent 
perf od 5.0 days 4.0 

storm 
duration 0.72 days 0.54 

Storm 
i ntens i ty 2.15 mm/hr 1.53 

Mean Median Mode 
'% 

1 

Number 
<- o f  events -- 

per sample 2 1 1 1 

0.1 3-1 9.18 

0.2-16.5 

0.04-2.38 

0.06-6.47 

1-6 

102% 

80 

75 

, 
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Incident Precipitation 

Incident Precipitation 
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Fig. 40. Frequency distribution and lognormal probability plots of 
measured rain volume in incident precipitation and 
throughf a1 1 . 
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case of most chemical constituents, the frequency plots are skewed 

toward lower values with incident rain volumes between 1 or 2 cm 

occurring with the highest frequency in the, sample set (% 25% of the 

values) and volumes of < 1 cm occurring with the highest frequency, 

Q 30%, for throughfall. 

not significantly deviate from a normal distribution. 

normality of rainfall volume is a well known phenomenon (Essenwanger, 

1959). 

duration did not significantly deviate from log normality. 

storm intensity could not be significantly defined by either a normal 

or log normal distribution. 

In both cases, the log transformed data did 

The log 

Similar analysis indicated that antecedent period and storm 

However, 

The interdependence of these characteristics is illustrated by the 

simple correlation matrix in Table 34. Shown are the correlation 

coeffjcients with the highest absolute values for any given variable 

pair, the type of relationship for  which the Irf value was largest, and 

the significance level of the r values. 

intensity and duration are significantly correlated with rain volume, 

As expected both storm 

with the largest r values occurring for the log transformed data. 

more rainfall generally is associated with storms of longer duration 

Thus 

and for storms o f  higher intensity, not a surprising conclusion. 

However, the important point is that further analysis of the effects o f  

these parameters on rain and throughfall chemistry must consider this 

interrelation. 

any other variable nor were the variables intensity and duration 

correlated with each other. 

The variable antecedent period was not correlated with 
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Table 34. Correlation coefficients between transformed and non- 
transformed precipitatim event characteristics. Shown 
are the coefficients o f  largest absolute value for each 
possible pair of variables, if significant at the 95% 
level ( P  ro.05j. 

Measured 
precipitatim Duration Antecedent Intensity 

I Meas ured 
precipitation --- 0. 53a Nb 0.61a 

Duration 

Antecedent 

N 
/ 

N --e- 

--_ 
Intensity ---- 

aBoth of the correlation coefficients were highest in absolute 
the log-log relationships. 

significant ( P  >0.05). 



The Relationship Between Precipitation 
Characteristics and Concentrations 

Preliminary considerations - In an initial screening effort to 
identify significant relationships between various storm parameters and 

concentrations of trace and major constituents in rain and throughfall, 

the previously discussed modified data set ( o w  observation for each 

storm) was used to calculate simple correlation coefficients between 

log transformed and nontransformed characteristic storm parameters and 

concentrations, The results of these calculation9 are presented in 

Tables 35 and 36 including the significant (P 5 0.05) correlation 

coefficients o f  highest absolute value for any combination of 

transformed and nontransforrned variables. All o f  the significant 

relationships are negative with one exception, the relationship between 

throughfall hydrogen ion levels and storm intensity. 

precipitation volume, storm duration and intensity increase, there are 

/ 

Thus as 
- 

associated decreases in precipitation concentrations. The parameter 

having the greatest influence on concentrations appears t o  be rain '. 

volume, as evidenced by the generally higher correlation coefficients 
' .t ': 

compared with those of the other storm characteristics. This parameter 

exhibits statistically significant inverse relationships (best 

described as semilogarithmic in nature) with all elements in rain 

except Zn. 

(semilogarithmic, insignificant for Zn) except for H'. 

a significant H - volume relationship in throughfall is thought to 
be due to the abillty of the developed canopy to act as both source and 

sink for H ions. 

In throughfall the relationships aye similar 

This lack of 
+ 

+ 
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Table 35. Correlation coefficients between elemental concentrations 
in incident precipitation and storm characteristics for log- 
transformed and non-transformed data. Numerical values 
shown are those with the largest absolute value for any 
combination o f  transformed and non-transformed data; the 
superscript indicates the type of relationship. 

Precipitation Antecedent 
vol ume Dura t i on period Intensity 

Cd -0. 55a -0.48 NSC NS b 

b 

b 

d Mn -0.63 NS -0.30 -0.56 d 

Pb A -0 3ga -0.31 NS NS 

Zn NS NS NS NS 

so; -0.59 -0. 33d - d 

d -0. 30d H+ - -0.40 

NS 

NS 

d -0.42 

NS 

aLog-l inear concentration vs. storm characteristic relationship. 

bLog-l og re1 ationshi p. 

CNS = no significant relationship was found (P >0.05). 

'Linear-log relationship. 

- 
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Table 36. Correlation coefficients between elemental concentrations 
in throughfall and storm characteristics for log-trans- 
formed and non-transformed data. Numerical values shown 
are those with the largest absolute value for any combina- 
tion o f  transformed and non-transformed data; the super- 
script indicates the type of relationship. 

Precipitation Antecedent 
vol ume Dura t i on period Intensity 

Cd -0.55? -0.41 b NSC -0. 3fid 
d Mn ’ -0.52 NS -0.34 -0.42 

Pb -0.64 d -0. 43b NS -0. 46d 

Zn NS NS NS NS 

d d 

d 

H+ NS NS NS +O. 28a 

aLog-l inear concentration vs. storm characteristic relationship. 

bLog-l og re1 ations hip. 

‘NS = no significant relationship was found (P >0.05). 

‘Linear-log relationship. 

so; -0.64 NS -0.47 -0.43 d d 
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Somewhat unexpectedly none of the constituent concentrations i n  

rain or throughfall showed significsot correlations w i t h  antecedent 

conditions. 

preceeding each event, might, be expected t o  show a positive correlation 

T h i s  parameter, a measure of the length of the dry period 

w i t h  rain concentrations and definitely with throughfall concentrations. 

The calculated coefficients, not shown, were actually equally 

distributed on either side of zero, a l l  Irl < 0.15. 

for this relationship for incident rain was based on the assumption 

that  the reequilibration of the relatively clean "washed out" 

atmosphere below the cloud base w i t h  the surrounding unaffected a i r  

following a rain event is the rate limiting step i n  controlling the 

The expectation 

concentration o f  material removed by the subsequent event 

the atmospheric mixing of material below the cloud base is t h o u g h t  t o  

be f a i r ly  rapid, particularly following convective storms, so as n o t  t o  

be a concentration-controlling factor (except, perhaps, d u r i n g  a rapid 

sequence o f  events) (Gatz and Dingle, 1971). 

supported by a se t  of f ie ld  experiments i n v o l v i n g  collection o f  

However, 

T h i s  conclusion i s  

sequential samples dur ing  a single event (Lindberg and Turner, 

unpubl ished data). 

correlations between antecedent condi t ions  and rain chemistry have 

involved only bulk samples (Weiner, 1978; Gascoyne, 1977). 

Interestingly, previous reports of positive 

In each 

case the relationships were attributed t o  the accumulation of dry 

deposition on the exposed funnels pr ior  t o  a precipitation event, and 

unambiguous relationships between wetfall only and antecedent period 

were not identified i n  either study. 
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Throughfall would be expected to show a positive correlation with 

antecedent conditions since a longer dry period would imply increased 

dry deposition of aerosols t o  the canopy surface, available for 

leaching during subsequent precipitation events. 

also apply to the elements in throughfall which originate t o  some 

This hypothesis might 

extent from internal leaf leaching (Mn and SO;) because of the 

requirement and ability of the plant to reestablish a pool of readily 

leached elements following foliar leaching (Tukey, 1970). However it 

seems reasonable that the strong inverse relationship between rain 

volume and concentration could easily mask any such positive effects of 

antecedent period. An attempt was made to normalize for the volume 

effect by calculating correlation coefficients between concentration 

and antecedent period for several limited classes of rain volume. No 

significant - relationships were found, perhaps because of the limited 

sample size or because the effects of duration and intensity coufd not 

also be removed. 

scale programs of sequential precipitation and throughfall collection 

This problem points to the critical need for large 

to further study controlling mechanisms. 

fraction of 'each storm were collected separately the effect of 

antecedent period might be more clearly identified. 

have been proposed for continued study of rain chemistry at WBW but 

will entail highly specialized collection equipment such as a 

noncontaminating wetfall only modification of the sequential bulk 

collector designed by Gascoyne (1977). A similar program o f  sequential 

sampling has been recently initiated by Raynor and Haynes (1977) for 

If an initial constant volume 

Such experiments 
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major constituents in incident precipitation but not for trace 

constituents nor for elements in throughfall. 

Because of the previously discussed relationships between 

intensity, dtiration and rain vclume it is necessary to explore the 

possibility that any significant correlations between either of these 

parameters and elsmental concentrations in rain or throughfall are 

artefacts due to interdependence. An indication of such an artefact 

would be similar behavSor between concentration and both rain volume 

and either duration cr intensity. This i s  apparently true for sturin 

duration. In both incident precipitation and throughfall, each element 

exhibits a very similar relationship between duration and concectration 

as between rain volume and coccentration, For this reason the 

relationships between duration and concentration w r e  judged to be too 

similar to the rain vo?ume rejzitionships to warrant furtlser 

investigation. 

concentratim are not similar to th%e between volume and concentration, 

/ 

However the relationships between intensiiy and 

nor are they similar in nature between incident preci2itation and 

throughfall. This relationship appears to be worthy o f  some. additional 

eon si der at i on. 

The influence of rainfall intensity on throughfall chemistry - As 

indicated in Tabie 35, only Mn and SO; in incident precipitation 

appear to show a pcssib7e re7ationship with stci-m intensity. 

in throughfall, apparent relationships exist between storm intensity 

and concentrations of Cd, Mn, Pb, SO; 2nd H . Interestingly, 

the correlation coeffic-ients are negative for Cd, Mn, Pb, and 

However, 

f 

! 
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SO; while the relationship between H+ concentration and storm 

intensity is o f  a positive nature. 

is best tested statistically by transforming the data to fit a linear 

The validity of these relationships 

function, a semilogarithmic approach being indicated by the data in 

Table 36. 

be determined by testing the hypothesis that the slope o f  the linear 

regression line is equal t o  zero. 

summarized in Table 37. 

shows a significant negative slope for the concentration - intensity 
line, although the indication is that all elements show inverse 

relationships between concentration and intensity. 

have considered the variations of element concentrations in rain as 

influenced by storm intefasity (e.g., Gatz and Dingle, 1971; Miller and 

Once transformed, the significance of the relationship can 

The results of these tests are 

For incident precipitation, only SO: 

Several researchers 

Beilke, 1975). The relationships reported were generally inverse in 

nature, although the former authors pointed out that for certain storm 

types and durl”ng certain phases of a storm the concentration could 

increase with intensity. 

of rain chemistry, however, is that between concentration and volume 

- 

The most  often used relationship in the study 

(Gambell and Fisher, 1964; Makhonko, 1967; Munn and Rohde, 1971; 
Gascoyne, 1977; Raynor, 1977). As indicated in Table 11 the effect o f  

precipitation volume on rain concentrations is also significant for the 

WBW data set and will be considered in detail in the following section. 

Table 37 jndicates that the slopes o f  the linearized relationships 

between throughfall concentrations during the growing season and storm 

intensity are significantly negative for Cd, Mn, Pb, and SO; and 

significantly positive for H’. The relationship for Zn is also o f  an 
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Table 37. Linearized relationships between storm intensi ty  (mm/hr) 
and concentration for incident precipitation and throughfall 

Linear4zed expression: 
Concenf.ration = A0 + A1 log ( in tens i ty)  

Element Intercept = A. Slope = A1 

Incident 
preci p i  t a t  ion  

Cd (slg/V 

Mn 

Pb 

Throughfall 

Cd (slg/l) 

Mn 

Pb 

0. 44*a 

4.0 * 
7.6 * 
5.9 * 
4.5 * 

-80 

2.33" 

-106 * 
-15.4 * 
-15.1 * 
-11.9 * 
-1.27" 

-0.07 

-3.1 

-2.3 

-0.28 

-3.3 * 
-20 

// 

-2.17* 

-97 * 
-12.9 * 
-2.0 

-9.6 * 
+0.11* 

a* signifies a s-ignificant t s t a t i s t i c  i n  the tes t  of the 
hypothesis tha t  the coeff ic ient  = 0. A s igni f i san t  t 
s t a t i s t i c  indicates re ject ion of this hypothesis. 

Mn i n  throughfall calculated fo r  data from combined 
(Tl, T2,  T3j. 

( i n tens i ty  ) . 

'Mn i n  incident precipi ta t ion calculated f o r  data from CI only, 

+ 'Besk f i t  equation fer tilis variable was log (H ) = bo + kl 

! 
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inverse native, although the slope is not significantly different from 

zero. Characterizing the parameter "storm intensity" as a class 

variable resulted in three well defined intensity classes, 11 51 mm/hr, 

1 < 12 5 5 ,  I3 > 5 mrn/hr. The variation in element concentration 

between intenslty classes is illustrated in Figure 41. 

element concentrations (+ SE) for each intensity class wi th  significant 

differences between means (determined by Duncan's new mu1 tiple range 

test) indicated by uncommon letters over each column. The effect o f  

increasing intensity of the incident rain is to result in significant 

decreases in throughfall concentrations of Cd, Mn, Pb, and SO; but 

significant increases in the throughfall concentration of H'. 

Shown are mean 

The opposite effect of intensity on H+ compared to the other 

constituents 1 eads 

time o f  rain water 

Intensity. Storms 

necessarily result 

- 

to an interesting hypothesis concerning residence 

on the leaf surface as controlled by precipitation 

characterized by relatively 

in short residence times of 

leaf surface. This is a function of increased 

drops associated with intense rains, increased 
_.- 

high intensities would 

the incoming rain on the 

splash-off of the larger 

leaf flutter exposing 

less surface area to the incoming rain, and the shorter leaf surface 

saturation time during high intensity rainfall. All of these factors 

would contribute to shorter leaf surface - precipitation contact time. 
Given less equilibration time at the leaf surface, the incident rain 

would be expected to remove less rain-soluble material, resulting in 

lower throughfall concentrations. 

the role of leaf leaching and aerosol solubilization in the 

Based on the previous discussion of 
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Fig. 41. Relationship between concentrations in throughfall and 
intensity of precipitation ?e;^ event. Shown are mean 
concentrations ( -c standard error) for three -intensity ranges 
(I1 I 1 ‘mm/hr, 1 < I2 < 5 mm/hr, I3 > 5 mn/hr). Values with 
the same or no letter %e not significantly different 
(P > 0.95, Dunearl’s new multiple range test). 
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relationships between incident rain and throughfall chemistry, 

decreased residence times should result in lower throughf a1 1 

concentrations Cd, Mn, Pb, and SO,. 

importance of the H+ - cation exchange process, decreased residence 
times at the leaf surface should also result in less H+ loss while 

rain passes through the canopy, resulting in higher concentrations o f  

H" in throughfall. 

- 
However because o f  the 

The linear relationships between eoncentration 
and storm intensity in Table 37 and the variation in mean 

concentrations between each intensity class in Figure 41 support these 

conclusions for data collected during the growing season. When the 

data collected during the "no leaves" periods was similarly analyzed, 

no significant relationships were found. 

of this phenomenon have been reported for the leaching o f  nutrients 

(Tukey-et a1 ., 1965; Attiwill, 1966; see also several papers discussed 
in the review by Tukey, 1970). 

Several other investigations 

In each case the authors concluded that 

rain falling in a light drizzle, continuously bathing the foliage, 

removed considerably more m&abol i t e s  than heavy rain o f  short 
_/ 

duration. 

The influence of rain volume on incident precipitation chemistry: 

empirical and theoretical approaches - The trend o f  decreasing 

concentrations of various constituents in rain with increasing 

precipitation volume appears t o  hold true for the WBW data as evidenced 

by the correlation matrix (Table 35). The nature of this relationship 

will be considered using a number of approaches, involving theoretical 

calculations and investigation of the empirical data using both 

continuous and class variables. The advantage of class variables is t o  



decrease the w e r a l l  variabil i ty of the data by segregating the 

concentrations in to  confined groups of similar rain volume. Two rain 

volume clzssification scnemes were devised, one each for r a i n  and 

throughfall (becal;ss of the previously described relationship between 

rain volume above and be'low the canopy) and each containing four 

subgroups. These classifications are 8s follows: (1) incident 

precipitation c lass  82 2 1.1 cm, 1.1 < R2 2.1 cm, 2.1 < R 3 5  5.1 cm, 

R4 > 5.1 cm; and (2) throughfall class R1 < 0.9 cm, 0.9 < R2 5 1.8 cm, 

1.8 < R3 5 3.5 cm, krl 3.5 cm. The rain class trends are i l lustrated 

for concentrations i n  both Sncident precipitation and throughfall u s i n g  

percentile plots  o f  the complete data se t  (Figures 42 t o  43).  

the complete data set  contains "replicate" cbservations it will be 

Because 

briefly discussed and i s  presented f o r  the purpose of allowing the 

reader t o  judge the strength of the trends through a visiial 

presentation of a l l  oSservations. Al though  there i s  considerable 

/ 

scatter and overlap i n  the data the trends are clear. Nearly a l l  

elements show both  a decreasing centrsl tendency i n  concentration ard a 

generally decreasing var iabi l i ty  (as indicated by interqusrti le range) 

as rain class increase i n  volulne. T h i s  decrease i n  concentrati.on 

variance w i t h  increasing rai nfall amounts was described by Junge (1963) 

for  major constituents i n  rairt; but  i t  has not been demmstrated f o r  

trace elements i n  rain or  for  other constituents i n  throughfall, 

particularly for wetfall only event samples. 

e x h i b i t  a clear trend w i t h  rain volume. There is a tendency for 

gener3lJy lower concentrations to  occur i n  the h i g h e s t  r a i n  class 

relative t o  the lowest class h u t  the trend is n o t  consistcnc 

Zinc does not appear to 
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Fig. 42. Plots of percentiles o f  concentrations i n  inc 
precipitation within four classes of measured 
volume (R1 L 1.1 cm, 1.1 < R2 2.1 an, 2.1 < 
R4 > 5.1 cm). 
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Fig. 43. Plots o f  percentiles o f  concentrations in throughfall within 
four classes of measured precipitation volume ( R 1  5 0.9 cm, 
0.9 < R2 5 1.8 cm, 1.8 R3 5 3.5 cm, R4 > 3.5 cm). 
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between the extremes, nor does the variability decrease as rain volume 

increases. 

throughfall which are complicated by the source and sink nature of the 

The same situation is manifested by H+ concentrations in 

forest canopy as previously discussed. The situation for Zn is further 

considered later in this section using a nonlinear approach. 

Figures 44 and 45 summarize the trends in mean element 

concentrations and standard errors o f  the mean for each rain volume 

class for rain and throughfall. The data comprising these figures was 

. developed from the modified data set by combining replicate 

observations as described earlier. As previously discussed Mn must be 

considered by station and is presented for the one incident and the 3 

combined throughfall stations with the largest number of observations 

(61, and combined T1, T2, and T3). The statistical significance of the 

differences in means for each rain class were determined by applying 

Duncan's new multiple range test to the log transformed data (since all 

constituents are best approximated by log normal distributions) but the 

results are presented as arithmetic means for ease of comparison. As 

suggested by the percentile plots o f  the full data set, all elements 

except Zn and H+ (H' in throughfall only) exhibit significant 

differences in mean concentrations between rain classes, the greatest 

differences occurring between the extremes (R1  < Q, 1 cm and R4 3 a 3 to 

5 cm). 

- 

The validity of these relationships over the full range of 

concentration and precipitation volume may be assessed using linear 

regression analysis on the transformed data (as described for intensity 

in the previous section). The rain volume - concentration relationship 
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F i g .  44. Relationship between concentrations in incident precipitation 
and volume of rainfall per event. 
concentrations ( +- standard error) in four rain volume 
classes ( R 1  11.1 cm, 1.1 c R2 5 2 . 1  cm, 2.1 < R3 15.1 cm, 
R4 > 5.1 cm). Values with the same or no letter are not 
significantly different (P > 0.05, Duncan's new multiple 
range test). 

Shown are mean 
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Fig. 45. Relationship between concentrations in throughfall and volume 
o f  rainfall per event. 
( +standard error) i n  four rain volume classes (RI L 0.9 cm, 
0.9 < R2 I 1.8 cm, 1.8 < R3 53.5 cm, R4 > 3.5 cm). 
with  the same or no letter are not significantly different 
(P > 0.05, Duncan's new multiple range test). 

Shown are mean concentrations 

Values 
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has been considered in the past as one .of a 7inear nature (Bromfield, 

1974), of a semilogarithmic nature (Makhonko, 1967; Munn and Rodhe, 

1971) and of a nonlinear nature (Wolaver and Leith, 1972). For the 

purpose of this investigation the semilogarithmic approach appears most 

useful, although as will be discussed shortly, the nonlinear approach 

will also be quite useful although not as statistically 

straightforward. 

presented in Table 38. Shown are the slope, intercept, and 

The results of the best fit 7inearized models are 

significance level o f  each for the expression: 10' = a, X , 
linearized to Y = A, + A1 log X, where Y = elemental concentration, 

X = rain volume (cm), and A, = log(ao). 

analyses confirm the trends discussed above. 

the concentrations of Cd, Pb, Mn SO; and HS a l l  exhibit a 

significant inverse relationship with rain volume. 

regression lines (given by A1, for the log transformed data) provide 

an indication of the magnitude of concentration decreases associated 

with increases in rain volume. 

normalized to a constant volume change and expressed on a relative 

concentration scale (i .e., by determining the concentration decrease 

The results of these 

In incident precipitation 
/ 

The slopes of the 

For comparison the slopes must be 

relative to the initial "undiluted" concentration over a given range o f  

volumes). In terms of the generalized linear expression above the 

relative dilution factor (RDF) is expressed as: 

- 

3 A1 log x 10 
, 2 

A. - A1 log (X1) x RDF = RDF = x A. - A1 log (X1) , 
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Table 38. Linearized relationships between precipitation volume (cm) 
and concentration for incident precipitation and throughfall 

Linearized expression: 
Concentration = A. f A, log  (measured precipitation) 

Element Intercept = A. Slope = A1 

Incident 
precipitation 

Cd ( P g m  

Mnb 

0. 55*a 

5.4 * 
-0. 37*a 

-6.1 * 
Pb 8.5 * -4.4 

6.2 * 
4.9 * 
85.7 * 

--- 
2.1 * 

108 * 
15.7 * 
16.2 * 
12.3 * 
57.1 * 

-1.2 * 
-3.7 * 
-32.7 * 

-2.2.. * 
-89.8 * 
-13.9 * 
-6.8 - 

-10.6 * 
-3.1 

a* signifies a signi-ficant t statistic in the test of the hypothesis 
that the coefficient = 0. 
rejection of this hypothesis. 

throughfall calculated using combined (Tl, T2, T3) data (see text). 

A significant t statistic indicates 

bMn in incident precipitation calculated using CI data, Mn in 
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where X1 and Xi!  = the lower and upper limits to  the rain volume 

rcnge respectively, AX = Xp - X1, A1 = regression equation slope, 

A2 = regression equation fntercept. 

this con;parison was X1 = 0.1 cm t o  X2 = 7 cm, a range including 90% 

of a l l  the volumes measured i n  WBW (Figure 40). T h i s  equation results 

i n  the fo'ilowing order of RDF's for incident precipitation (summarized 

i n  Table 39: 

The rain volume range chosen for 

Mn > Cd > SOq > Pb > H+. 

Since, dur ing  the precipitztion scavenging process, the below-cloud 

material i s  thought to  be depleted f irst ,  these RDF values provide an 

indication of the relative Smportance o f  below-cloud scavenging. 

Elements w i t h  higher RDF's are lfkely t o  be more strong!y influenczd by 

below-cloud scavenging mechanisms coinpared t o  elements w i t h  lover 

RDF's. T h i s  does not imply that the below cloud mechanism aominates 

the precipitation chemistry or deposition of an elemerlt relative t o  the 

in-cloud process, a questim which will be considered shortly, b u t  t h a t  

some elements are more strongly influenced by thc belowcloud process 

than others. In a theoretical approach t o  this same question Muller 

and Beilke (1975) calculated the relative influence o f  "washout" and , 

"rainout" on Pb and Mn scavenged i n  an urban ar,d a remote area, 

concluding that  the washout process was relatively more important i n  

influencing the rain chemistry of Mn than af Pb. 

previously discussed influence o f  particle size on i n  and bElow-cloud 

Because of the 

scavenging efficiencies, i t  seem reasonable t o  re la te  the RDF's t o  

particle size d i s t r i b u t i o n  o f  these elements i n  the? atmosphere over 

! 
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Table 39. Relative dilution factors (RDF) for the rainfall volume 
dilution of element concentrations i n  ra in  

Element 
R D F ~  

'Incident precipitation 

Cd -110 

Mn -1 40 

Pb -90 

s o i  -120 

H+ - 70 / 

... 

' 
- X1 and X2 are the upper 

A1 l o g  [x2) q- 103 aRnP , wnere ut = AXEAo - A1 log(X,)] 
and lower limits t o  the r a i n  volume range, respectively, 
AX = X2 - Xi, A i  and A 2  are the regression equation slope 
and intercept, respectively. 
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WBW. 

inf1uenced by below-cloud processes, would thus be expected to occur in 

Elements with higher KDF's, a d  presumably more strongly 

the air to a greater degree on relatively large (> 1 ~ n i )  particles. 

The aerosoi s i ze  spect.rum of the "iw3ilahle fraction" of trace elements 

and sulfate in UBW wcs Lonsidered in detail in Chapter 111. 

sumarizes some of this information for comparative purposes. It is 

Table 40 

apparent that Cd and Kn exhibit considerably different size 

distributions in the ambient air ccrmpared to Pb and SO; 

(unfortunately little data was collected for the size distribution of 

leachable H in aerosols; on one occasion tvhen it was determined the 

distribution was nearly identical to tnat o f  SO;). 

the distribution c f  Fb end SO4 are dominated by the smallest size 

fractions while for Cd and Mn 50 to 72% of the material is present on 

iRgiant" particles ( \  1 vm). 

4- 

As expected 

/ 

. 
Quantifying the contribution o f  in-cloud and below-cloud 

scavenging n?echanisrx: 

Assessing the relative importance of the processes o f  in and below 

A nonlinear approach to +he empirical data - 

cloud Scavenging t o  the ultimate chemistry o f  precipitation i-eachicg 

the grcund is a difficult problem. 

primarily concerning the scavenging o f  bomb debris, have led t o  the 

general notion that the in-cloud process dominates the removcl of 

The results o f  early wcrk, 

, 
b 

material from the atmosphere by precipitation (Junge, 1363). However, 

since bomb debris are introduced inittzlly into the stratosphere their 

removal process would be expected t o  bedominated by in-cloud 

processes. 

\ 
\ 

The vertical distribution of bomb nuclides has been well 

characterized as increas-ing in concentration with height above the 
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Table 40. Summary of p a r t i c l e  s i ze  d is t r ibu t ions  of water leachable 
components of t r ace  elements i n  air  over WBW. 
the mean (-1-SE) r e l a t ive  contribution of material w i t h i n  
each size c la s s  t o  the to ta l  atmospheric concentration o f  
each element, i n  percent. 

Shown a r e  

Giant Large A i t k e n  
Element parti cI esa par t ic les  par t i  cl  es 

Cd 50% (+3)d 24% (+3)  27% (55) 

Mn 72% (k2) 17% (22) 11% (+3) 

Pb 19% (21) 27% (+3)  53% (54) 

so4 11% (+1) 47% (+4) 42% (55) 

aTerminol ogy used f o r  ease of comparison. Giant corresponds 
to par t i c l e s  col lected by stages 0-5 of an Anderson cascade 
impactor (aerodynamic diameter > Q 1 1-1). 

(aerodynamic dianieter ‘L 0.44 - 1 v ) .  
bLarge corresponds to  pa r t i c l e s  collected by stages 6-7 

‘Ai tken corresponds t o  pa r t i c l e s  coll  ected by backup f i l t e r  
. (aerodynamic diameter < CL 0.44 1-1). 

dStandard error of the mean o f  10 impactor runs over a 22-week 
period. 

4 
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surface (e.g., Hinttpeter, 1959; as cited in Junge, 1963). 

review paper Slinn (1977) challenged the propagation of this 

generalized statement stating that the relative importance o f  either 

mechanism depended on numerous factors such as vertical distribution of 

the material to be scavenged, and the particle s.ize distribution, and 

that the statement could be erroneous when applied to the removal of 

In a recent 

particles from urban or industrial sources. 

been used t o  determine the relative importance of each process in the 

total wetfall removal o f  various elements. 

far from being resolved, the general opinion is that the in-cloud 

process is the more important when considering the removal of fine 

particulates (P. Krey, L. Newman, personal communications). The 

approaches presented in the literature have ranged from strict 

Several approaches have 

Although the question is 

theoretical applications (Slinn, 1977), to similar .- theory applied to 

field data (Mcller and Beilke, 1975), to controlled laboratory 

scavenging experiments (Dahl and Corrin, 1977) to considerations o f  

empirical data only {Gatr, 1977; Krey and Toonkel, 1977; Wolaver and 

Leith, 1972). 

supported the greater importance o f  the in-cloud scavenging process for 

Co, Br, V, Cd, Pb, Mn and SO2 (Dahl and Corrin, 1977; Mcller and 

Beilke, 1975; Krey and Toonkel, 1977; Bogen, 1974; Barrie et al., 1977) 

and the below-cloud process for Sm, Sc, Fe, K, Na, Ca, Cl-, NHq, 

NO;, and SO; (Bogen, 1974; Wolaver and Leith, 1972). 

Concerning individual elements the conclusions have 

+ b 

In addition t o  the interpretation presented above that the slopes 

of the linearized concentration - volume relationships provide some 
indication o f  the relative importance of below-cloud scavenging, two 
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further approaches, one empirical and one theoretical, will be applied 

to  the WBW data. The intention is  t o  determine the relative importance 

of local ground level industrial and urban sources relative t o  regional 

or longer range transported material on the chemistry of incident 

precipitation as manifested by dominance of either below cloud or i n  

cloud scavenging. Wolaver and Leith (1972) took an empirical approach 

i n  examining the data from the National Precipitation Sampling 

Network. The data, which consisted of 4 years of observations of 

monthly wetfall only samples collected a t  33 stations across the U.S. 

was analyzed w i t h  the purpose o f  (I)  determining the processes causing 

the negative exponential relationship between concentration and volume, 

(2)  developing mathematical expressions for the relationships between 7 

major constituents i n  rain and monthly r a in  volume, and (3) calculating 

and producing - contour maps of "washout" and "rainout" concentrations 

across the U.S. 

involved some tenuous oversimplifying assumptions it does provide an 

interesting start ing point for interpretation of the WBW data. 

this approach re l ies  heavily on interpretations o f  the shapebf the 

volume - concentration curve, i t  i s  useful t o  briefly consider the 

origin o f  this relationship. 

Al though  this approach as originally presented 

Since 

The results of several approaches t o  the sampling of individual 
4 

storm events on a sequential basis have confirmed the idea of a general 

decrease i n  concentration w i t h  an increase i n  volume. Concentrations 

i n  individual events also decrease approximately exponentially as time 

since storm i n i t i a t i o n ,  or cumulative volume of ra infal l ,  increase 

(MGller and Beilke, 1975; Gatz and Dingle; 1971; Gambell and Fisher, 
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1964; Makhonko, 1967; Gascoyne, 1977; Raynor, 1977; Lindberg and 

Turner, unpublished data from WBW). 

generally considered to occur primarily during the early stages o f  

Below-cloud scavenging is 

precipitation when particles and gases are scavenged by both in- and 

below-cloud mechanisms. Thus below cloud scavenging is generally 

associated with smaller rainfall volumes. As precipitation continues, 

if a sufficient rate is maintained, the below-cloud layer will be 

depleted of its readily scavengeable particles and gases, and material 

still present in rain can be largely attributed to in-cloud scavenging 

processes (Raynor, 1977). In most of the cases cited above the authors 

attributed the concentrations of elements in early rain periods, or in 

low volume events, to within- and below-cloud scavenging and the 

nearly steady concentrations in the later periods of rain, or in high 

volume events, to primarily in cloud processes. For example, Georgii 

and Weber (1966) stated that "washout" was more or less completed for 

/ 

rainfalls of 5 mm 

Figure 46 is 

Leith (1972) with 

i- for NH4, NO;, and Cl-. 

patterned after the approach taken by Wolaver and 

several additions and changes. The precipitation 

concentrations occurring within Region I are the result of in- and 

below-cloud scavenging, concentrations being increased by drop 

evaporation and decreased by dilution. Concentrations in Region 111 

result primar ily from in-cloud processes generally being decreased by 

dilution. Region I1 encompasses the transition zone between 

below-cloud and in-cloud dominance and both mechanisms must be 

considered. The general form of this line can be described by: 
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Below-and in-cloud scavenging important 

111 

I 
I 

1 1 1 1 1 ~ 1 1 1 1 1 1 1 1 1 1 1 1 1 1  

Precipitation Volume per event 

Fig. 46. Simplified general relationship between the concentration of 
a constituent in rain and the volume o f  rainfall; also 
applies to the time series variation o f  constituent 
concentration in an individual event vs event time or vs 
cumulative rain volume. The concentrations within each 
region are the result o f  various combinations o f  in- and 
below-cloud scavenging as indicated. 
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Y = ~0 + AI eAZx , 

where Y = elemental concentration, and X = measured precipitation 

volume. 

to the asymptote along the X axis, or the minimum predicted 

concentration as X -+ m, while the sum A. + A1 represents the Y 

intercept, or maximum predicted concentration as x -+ 0. These 

The parameter A. represents the concentration corresponding 

coefficients were estimated using nonlinear regression techniques (Barr 

et a1 ., 19761. 
A. = 0, Ap -= 0) and the straight line (i.e., Al = 0) in its 

family of curves. 

This equation includes the negative exponential (i.e., 

Wolaver and Leith separated the relationships 

obtained for the 7 elements studied on the basis of the general range 

of values o f  the predicted coefficients. Four graphical mode7s were 

hypothesized which were found to explain the variations in the basic 

equation as related to physical and meteorological differences. 

Concentrations in precipitation from relatively clean areas (e.g., 

Grand Island, Nebraska) resulted in concentration - volume curves shaped 
like that in Figure 46, that is both tails and inflection point well 

defined (0  - c A2 - < 1, IAol - < 1). Precipitation collected near major 

urban areas (e.g., Chicago and St, Louis) resulted in curves with one of 

two tails less well defined and the inflection point less obvious and 

tending to occur further away from the origin at a 45" angle (A2+- Q 

and fA1 I >> I, or A2 < 0 and IAII > 1). Finally in areas of 

extreme precipitation amounts (very arid or extremely wet) the curves 

were essentially linear along the ordinate (arid areas) or abscissa 

(wet areas). 
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The application of this approach to the WBW data is jllustrated by 

Figures 47 and 48. Shown are nontransformed plots of element 

concentrations in rain vs amount of rainfall for each event and the 

best fit nonlinzar regressfor! curve. 

equation are also sumarized in Table 41 with their 67 and 95% 

The coefficients for each 

confidence intervals. 

considerably more scatter than seen f o r  the other constituents, 

Table 41 indicates that a nonlinear regression equation could not be 

developed for Zn within the constraints of the approach used here. 

As indicated in Figure 48 the plot for Zn shows 

This agrees with the ear?ier indicction that significant relatiowhips 

between Zn and precipitation vo?un;e could not, be found. 

the Zn concentration dsta does stigyest the expected relationship with 

Thus although 

volume, it will not be further, considered in this analysjs. 

I 
blolaver and Leith stated that the most significmt result 9 f  the 

development of the quantitative relationships between concentration and 

volume was the ability to differentiate between the processes o f  

"washout" and l'rainoutil. This statement must be considered with some 

skepticism both becaus2 of the scatter in the concentration \IS. volune 

relationships presented by these aiithors and because of the method used 

to determine the importance o f  ?hew mechanisms. The authors - 
apparently estimated rainout as the average of the two lowest values of 

monthly precipitation concentrations measured, This value was 

subtracted from the remaining concentrations to "correct" for the 

"rainout" contribution. 

corrected for ':rainout" were calculated and mnpared to the rainout 

concentrations with rhe conclusion that washout domfnated the removal 

Weighted mean "washout1' concentrations, 

I 
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4 s  
0 a S e 10 K I1 U L11 ID 

Pndpitation Volume (em) 

f 
3 ,  3 5  I j 

e m  

Fig. 47. Relationship between measured precipitation volume and Cd 
(top) and Mn (bottom) concentrations in incident 
precipitation. 
nonlinear regression analyses, the parameters for which are 
sumnarized in Table 41. 
concentrations are the outlines o f  the three regions of in- 
and below-cloud scavenging dominance as described in the 
generalized model in Figure 46. 

Also  indicated are the results o f  the 

Illustrated on the plot o f  Mn 
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Table 41. Estimated parameters f o r  the norlinear model of the 
relationships between precipitation concentration and 
ra i nfal1 vo1 umea 

Y 

Element AO A1 - A2 

Cd 

Mn 

Pb 

Zn 

-0.103 0.858*b -0.174 

2.49""' 43. 3**c -7.2s**c 

DID HOT  CONVERGE^ 
3.  28*h a. 20**~ -0. 322*b 

S O i  3.04**' 28 7**c -6.59**' 

-5.70"b b 
- H+ 59.3**= 201 * 

-aGeneralized model i s :  Y = A. i- AICA2', where Y = cuncen- 

trat-ion i n  vg/f  (Cd, Mn, Pb, Zn), mg/l (SO;), o r  peg/l  (H') 
and X = ra in volume per event i n  cm. 

b* s ign i f i e s  t h a t  the asymptotic 67% confidence interval d i d  

'** s ign i f i e s  t ha t  the asyriiptotic 95% confidence interval 

dNonlinear regression residual sums o f  squares f a i l ed  t o  - 

not include zero. 

d i d  not include zero. 

converge i n  50 i te ra t ions .  

! 
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o f  the 7 constituents studied. 

the general feel i c g  about the washout contribution t o  precipitation 

chemistry, especiaily i n  the cases o f  SO;, NO3, and NH;, 

T h i s  conclusion is i n  disagreement w i t h  

I t  seems t h a t  a better apprcjach, and t h a t  which will be used here, 

would be t o  rely more heavily on the visible trends i n  the actual d a t a  

rather than the predict2d trends of the nonlinear regression models. 

In the caw of tke WBW data a visual approach was employed t o  

separate 2ach of tke concentration volume plots i n t o  the 3 components 

of the generalized relat imship i n  Figure 46. 

i l lustrated i n  Figlire 47 us ing  Mn as an example. Region I of the plot, 

dur ing  which below cloud processes and drop evaporation are believed t o  

T h i s  approach i s  

dominate, was f a i r ly  wef! definea‘ as including those observations k i t h  

rain volumes < 2.6 cm. The cot!centratSons i n  this region, which were 

similar i n  magnitude t o  those asymptctic along the x a x i s  ( c  2.F vg /J )>  

were taken to represent values influenced equa!ly by in- arid 

below-c!oud scavenging (Region 11). Region I then, was defined f o r  kn 

as including a l l  obsei-vatiocs for volumes < 2.6 cm and concentrat-iuns 

> 2.8 pg/l. 

volumes > 2.6 cm. The results c?f similw inspections o f  the 

relationships for Cd, Pb, and SO: are summarized i n  Table  42, 

These relationships reveal an interesting trend i n  the rain volume 

Region 111, t h u s ,  includes a l l  observations for  rain 

ranges i n  which the. below-cloud scavenging process apparently 

predominates, For Pb and SO; the washout process appears t o  be 

essentially complete f o r  rain volumes > 1.7 cm whiie for  Cd and 1% the 

process influences the rain concentrations u;, to volumes of % 3 cm. 

T h i s  is i n  good agreem%t w i t h  the particle size d i s t r i b u t i o n  d a t a  

I 
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Table 42. Estimated concentration and rain-volume class limits related 
to the three regions o f  precipitation scavenging defined in 
the generalized concentration - rain volume relationship for 
incident precipitation in Figure 46 

Concentration and rain volume range in: 

El emen t Parameter Region Ia Region IIb Region 111' 

Cd concentration 
volume 

Mn concentration 
vol ume 

Pb concen t ra t i on 
volume 

s o i  concentration 
vol ume - 

>0.4 vg/l 
~2.9 cm 

>2.8 vg/l 
<2.6 cm 

>6.5 vg/l 
4.6 cm 

>4.0 mg/l 
4.7 cm 

<0.4 
c2.9 

<2.8 
<2.6 

~ 6 . 5  
~ 1 . 6  

<4.0 
4.7 

N L ~  
>2.9 

>2.6 

NL 
>1.6 

NL 

>/ 
NL 

>1.7 

aConcentrations in this region are believed to be primarily 
influenced by below-cloud scavenging and drop evaporation, 
secondarily by in-cloud scavenging and dilution. 

and in- bConcentrations in this region are influenced by below- 
cloud scavenging as well as dilution and evaporation. 

'Concentrations in this region are influenced primarily 
in-cloud scavenging and dilution. 

dNo limit, but concentrations seldom exceed the upper 1 
Region 11. 

bY 

mits o f  
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sumnarized in Table 16 which indicated Pb and SO: to have a 

considerably smaller giant particle fraction in the atmosphere compared 

to Mn and Cd. These larger particles are preferentially scavenged 

during small rain events or early stages of continuous precipitation and 

would be expected to be more rapidly depleted in the below-cloud layer 

during active precipitation, leading to a more rapid removal of the 

available Pb and SO; in the below-cloud layer (Dah1 and Corrin, 

1977). The plot of hydrogen ion activity does yield itself t o  this 

visual anlysis even though a nonlinear regression line was not 

determined. 

analysis, however. 

closely follow that of SO;. Recall that fi' (free acidity) and 

not total acidity is measured here. 

clearly-define the HS relationship may be related to the large number 

of atmospheric reactions which can either increase or decrease free 

H+ through neutralization, hydrolysis, or gas dissolution reactions. 

The scatter in the data is too large to permit a detailed 

One might infer that the behavior of Hf should 

The reason for the inability to 

Once each element - volume relationship was classified as above, 
the relative contribution of the in- or below-cloud scavenging 

processes were estimated as follows: (1) the weighted mean "rainout" 

concentration was calculated using all observations falling in Region 

I11 from the relationship 

- n  , 
c (C V) 

R =  9 
i =I 

n c ( V )  
i =l 
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where C = zlemental concentration, V = rainfall volume, n = number of 

observations wfthin RegiGn 111, (2) :be weighted mean value "R" was 

subtracied from each observation occurring in Regions I and I1 to yield 

individual precipitation washmt cancentrations with the influence of 

the rainciut concetitraiion removed, ( 3 )  the total precipitation input 

of any element restilting primarily from below-cloud scavenging was 

calculated as the Sam of the products of the washout concentrations 

and associated precipitation voliimes in regions I and I1 (washout is 

assumed to be a relatively minor fraction of the input in Region I I I ) ,  

and (4) the total precipitation input resulting primarily from in-cloud 

scavenging of material was calculated a5 the sum of the products of the 

rainout concentrations and theiv respective precipitation volumes 

(for Regions 1: and 11 the rainout ccncentrcitions were taken as the 

weighted mean rainmt concentration calculated from Region I I I ,  while 
in Region I11 each individual observa5ion was considered as a rajnout 

conceqtration) 

concentrations in the calculations is the inability to easily assign 

confidence intervals t o  the resu!ting concentrations (Turner, 1975). 

- 

One complication of using weighted mean rainout 

Thus weighted mean concentraiions were compared t o  the arithmetic mean 

concentrations for each element using the Regian I11 data. Because the 

observations in the region are h-ypothesized to reach hn asymptote along 

the volume axis one would not expect a significant difference between 

'the weighted means and arithmetic means since the utility o f  a weighted 

mean i s  to account foi- a dependence between concentration and volume 

(further discussed in Chapter VII). 

the follGwing comparison of means {arithmetic 

This expectation is confirmed by 

5 S.E., weighted si): 
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Cd (0.16 f 0.04, 0.14), Mn (1.37 k 0.23, 1.49), Pb (4.99 k 0.50, 4.67), 

SO: (2.7 _+ 1.4, 2.7). The lack of a substantial difference 

between the two means confirmed the absence o f  a strong 

concentration-volume relationship for the observations in Region 111. 

Table 43 sumnarizes the results of this approach to the incident 

precipitation data. 

storm events attributed to both in- and below-cloud scavenging, total 

Shown are the estimated mean concentrations of 56 

precipitation inputs on an areal basis, and the fraction of the total 

input attributed to in cloud scavenging. For Cd and Mn the estimated 

mean washout concentrations exceed the rainout concentrations by 

factors of % 3 confirming the importance of the giant particle class in 

below cloud scavenging. For the small particle elements SO; and 

Pb, the washout concentrations exceed the rainout levels by only 

% 20%.- The relatively high concentrations caused by in-cloud scavenging 

processes for these two elements are understandable in light of the 

moderately long in-cloud contact time (lo3 - 10 seconds) compared 

to the contact time of a fa’lling raindrop (< 10 seconds) (Junye, 

1963). However, when the influence of each scavenging process is 

considered individually in relation to the volume of rain with which it 

is associated, the actua7 contribution of the below cloud process 

becomes quite clear . 
primarily from the below-cloud layer is relatively high, these 

concentrations are associated with smaller amounts of rainfall 

4 

2 

A1 though the concentrat ion of mater i a1 removed 

resulting in relatively 

from this process. For 

the initial below-cloud 

lower amounts of material input to the system 

storms of longer duration and larger volumes 

material is diluted with precipitation of lower 
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concentration. T h i s  larger volume of d i l u e n t  derives i t s  composition 

primarily from i n  cloud processes resulting i n  relatively higher 

quantities of material i n p u t  t o  the system from this process. 

the large par t ic le  dominated elements, Cd and Mn, the total  i n p u t  of 

below-cloud scavenged material approaches that  resulting from in-cloud 

processes. 

importance w i t h  the i n p u t  attributed to  in-cloud scavenging 'L 1.4 times 

Thus for 

For Cd the two processes are of approximately equal 

more important. 

effective i n  removing atmospheric material by precipitation. 

Similarly for Mn this process is 2.4 times more 

However 

for the small par t ic le  elements Pb and S (as SO;) the in-cloud 

process clearly dominates being nearly an order of magnitude more 

important i n  each case (% 8 times more effective for Pb, 14 times for  

so;). / 

The contribution attr ibutable to  in-cloud processes on a relative 
- 

scale ranged from a low bf % 60% for the i n p u t  o f  Cd t o  % 70% for Mn 

and % 90% for both  Pb and SO;. 

to  predict the relatively larger contribution of below-cloud processes 

t o  the i n p u t  o f  Cd and Mn (which predominate i n  the giant particle 

The ab i l i t y  of the above approach 

_c 

range i n  the atmosphere above WBW),  and toy red ic t  the smaller 

contribution o f  these processes t o  the i n p u t  o f  

predominate i n  the submicrometer size range) is very encouraging. 

clear that ,  although it would be d i f f icu l t  t o  assess the actual 

and Pb, (which 

I t  is 

contribution of in-cloud and below-cldud processes to the element 

concentrations i n  individual events without sequential sampling o f  each 

event, this approach does provide a reasonable approximation of the 

relat ive importance of the two major scavenging mechanisms. 
- 
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The greater importance of the in-cloud scavenging process for the 

wetfall removal of Pb and SO: i n  WBW implies that the 

concentrations of both elements are f a i r ly  uniform i n  the mixed layer. 

T h i s  hypothesis is derived from experimental and theoretical evidence 

that  the raindrop collection efficiency or impaction scavenging below 

the cloud layer is very small for particles i n  the 0.05 - 0.5 vm range 

(e.g., see S l inn ,  1977). 

ground level sources some physical mechanism must exist t o  promote 

upward mixing i n t o  the cloud layer i n  order for in-cloud scavenging t o  

dominate, 

this upward mixing may occur pr ior  to and dur ing  both convective and 

For materials routinely released from near 

S l i n n  (1977) recently presented an interesting argument that 

frontal storms, being caused by ra in  shaft induced upward mixing of 

industrial or urban plumes. 
,I 

Concerning this vertical  mixing  of ground level source material, 

Gatz -(1977) presented a sumnary o f  precipitation scavenging studies i n  

the METROMEX program a t  St. Louis, including some interesting results 

of vertical profiles of Aitken nuclei w i t h i n  and downward of the city.  

The data indicated that  these small particles were very rapidly mixed 

into the vertical. 

and Zn w i t h  distance from the c i ty  revealing patterns not generally 

consistent w i t h  impaction scavenging but  suggesting that  in-cloud 

processes must have been involved i n  the scavenging of the c i t i e s  

effluents. Recent studies o f  stable Pb deposit ion i n  New York 

indicated no apparent t r e n d  i n  wet deposition of Pb per month and rain 

volume per month (Krey and Toonkel, 1977). The authors hypothesized 

that  some process other than i n -  or below-cloud scavenging above 

Fur the r ,  the deposition rates were measured for  Pb 
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accounted for deposition rates, concluding that in-cloud scavenging was 

the primary removal mechanism but that this process was rate limited by 

diffusion of the surface Pb aerosol to the cloud base. The authors 

also failed to find rain volume-deposition relationships for V and Cd, 

thus suggesting they behaved similarly to Pb. Recent discussions (P. 

Krey, personnal communcation) have led to the conclusion that the 

relative importance of in- or below-cloud scavenging for many materials 

is st i 11 unresolved . 
A simple theoretical approach to quantifying the in-cloud and 

below-cloud scavenging o f  trace elements - A recent paper by Mcller and 

Beilke (1975) considered the wet removal of heavy metals from the 

atmosphere using a straightforward theoretical approach developed by 

Junge (1963). Application o f  this theory to the WBW data provides a 

means of confirming the results o f  the empirical approach above. The 

authors used the relationship: 
- 

K =- E (Junge, 1963) , 
_e L __--- 

where K = concentration of a component in cloud water (~g/ml), 
3 G = concentration in air (pg/m ), L = liquid water content of cloud 

(g/M ) = LWC, E = rainout coefficient (coefficient for incorporation 

of condensation nuclei and coefficient of  diffusional incorporation). 

This equation was applied to data collected for a clean continental 

area near St. Moritz, Switzerland and for a polluted area in Frankfurt, 

Germany. 

mass ratios of the metals Mn and Pb to total atmospheric particulate 

3 

Measured parameters entered into the calculation include the 

. 
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matter. a3d the approximate particle size distribution of these metals 

in giant, large, and Aitken size ranges. To complete the required data 

+,he authors applied some shplifying assurx2tions including rainout 

coefficients o f  0 .9 ,  c!oud base height of 3000 M, LWC of stratus clouds 

of 0.1 g/M 8nd for cumulus clouds of 1 g/M , literature values of 

estimated particle concentrations near ground in background and 

polluted areas arvi their distribution with altitude, constant rain and 

particle paraxeters during the course of an event, theoretical 

dependence of rain drop radius on precipitation intensity, and 

collision efficiencies for below cloud scavenging o f  0.5 for giant 

particles, 0.05 f w  large, and 0.005 for Aitken particles. The 

equation is integrated aver the three size ranges and over height 

3 3 

intervals o f  2000 F? resulting in 2 relationship between precipitation 

intensity and the concentration o f  Pb or Nn in precipitation, 

attributable t o  either in- or below-cloud scavenging. 

empirical approach above these calculations result in an estimate of 

the cmtribution of each scavenging process to the Concentration in 

individual events. 

I 

Unlike the 

The relationship developed by Muller and Beilke was rnodified for 

the WBW data to calculate input (nct simply concentrations) and then 

applied to the storms sampled with known ictensities over the two-year 

period. As an approximation of the ability o f  thjs relationship to 

predict precipitation concentrations the ratio o f  the predicted total 

concentration (predicted rainout plus predicted washout) to the 

measured t o t a l  concentrhtion was calculated. Fnr PD this ratio had a 

mean value of 1.4 (SE = 0.2), while for Mn it was 1.8 (SE = C . 5 )  for 51 

. I 
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events, overpredicting the rain concentrations in nearly every case. 

The equation also predicted relatively higher rainout to washout 

concentration ratios compared to the empirical approach (% 2.5 times 

higher for each element than those estimated in Table 43), but not 

unreasonable given the number of simplifying assumptions involved. 

Most importantly, this approach predicted the greater relative 

importance of the in-cloud scavenging process in the wet removal of 

both Mn and Pb and also predicted that the in-cloud scavenging process 

was Q 3 times more effective for Pb than Mn, a value in excellent 
agreement with that estimated earlier (Table 43). 

this equation to the data collected by the authors resulted in the 

following: in Frankfurt, where the concentration of below-cloud 

particles was considerably elevated above the levels at the background 

area,-the rainout process was ‘L 2 times more effective than washout 

for Mn scavenging and 2, 5 times more effective for Pb (for rain 

intensities on the order of 1 to 2 mm/hr). 

washout ratios are very similar to those estimated for WBW by the 

empirical approach (Table 43).  The data from the background area 

The application of 

Both of these rainout to 

indicated that, with a lower below cloud particle concentration, the in 

cloud removal process clearly dominated, by a factor o f  % 7 for Mn 

and Q 20 for Pb. 

Some limited work has been performed on wet scavenging under 

controlled conditions which supports this hypothesis for Pb. Dah1 and 

Corrin (1977) measured wet removal of Pb aerosols from automotive 

exhaust, with the conclusion that the prime mechanism for precipitation 

scavenging of automotive Pb involved in-cloud processes. Further they 
. 
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demonstrated t h a t  the particle size d i s t r i b u t i o n  of Pb was altered by 

the below-cloud scavenging of layer particles. With  this information 

the authors calculatsd the expected deposftion of Pk due to  washout for 

the c i t y  of  Deiivelr. 

below-cloud scavt.ngir?g was 1.4 pg/l .  Assuming the total  Pb 

concentration i n  precipitation i n  Denver t o  be similar t o  t h a t  i n  W B W  

(Table 16) leads t o  the approximation that Q 20% of the Pb i n  r a in  

results from below-cloud scavenging processes, a value i n  reasonable 

agreement w i t h  t h a t  estimated for WBW. 

The calculated rain cfrop concentration due t o  

There appear t o  be several current theories concerning the removal 

of SO; by precipitation, none o f  which are universally accepted. 

The wet scavenging of SO, is complicated by the major gas phase 

component of atmospheric sulfur, SOp. Dapa e t  a l .  (1975) measured 

scavenging rates of S near a power plant and foilnd thaL washout of 

sulfate Csplld be 1 t o  5 times greater than that of SOp, on a molar 

basis. 

acid precipitation and the apparent fast i n i t i a l  ra te  o f  SO, 

- 

I 

T h i s  i s  due, i n  part, t o  the decreased solubili ty of SO2 i n  

SO; 

the 

the 

I 

oxidation i n  rainy conditioris. Kramer and Snyder (1977), on 

other hand, studied deposition of S near Sudbury and concluded that 

appearance o f  S i n  precipi ta t im occurred w i t h  l i t t l e  or no 

oxfdiation o f  SO, i n  the atmosphere. 

t h a t  SO; i n  precipitation results primarily from i n  cloud 

.processes is supported by recent work of Easter and Hobbs (1977) and 

Barrie e t  al. (1977). As previously stated dominance of i n  cloud 

scavengfng implies eff ic ient  upward mixing of ground level source 

meterial. 

The conclusion for the W B W  data 
L 

T h i s  process for  sa2 is well known. Once i n  the cloud, 

I 
i 
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however, the removal of SO2 may be rate limited by diffusion or 

chemical kinetics. 

water there is a good chance that it will be lost from the rain drop 

during descent and prior to ground level deposition (Dana et al., 

If the SO2 remains dissolved as SO2 in cloud 

1975). 

SO;, in-cloud removal is more complete. 

calculated that the in-cloud productian of (NH4)2S04 particles 

was a very significant source of this material on a global basis, this 

material being efficiently scavenged by rainout mechanisms. Barrie et 

al. (1977) and Beilke et al. (1977) concluded that the rate determining 

step for the transformation of dissolved SO2 -+ SO; in cloud 

water was the oxidation of the initially and rapidly formed SO, 

On the other hand, if the SO2 is rapidly oxidized to 

Easter and Hobbs (1977) 

ion by molecular oxygen but that the oxydation was promoted by 03, 

NH3, and heavy metal ions. 

metals the authors reported that Mn+2 in cloud water could account 

- 
In studies of the influence of heavy 

for significant SO2 removal rates, on the order of 1 to 5% per hour. 

If this reaction is critical in the removal of S by precipitation a 

relationship. between precipitation concentrations of Mn and SO; 

might be expected. This is the case for the WBW data as will be 

_- 

discussed in the following chapter. 

Summary 

The distribution of Cd, Mn, Pb, Zn, and SO; in throughfall do 

not depart significantly from log normality. 

concentrations in rain and throughfall do not depart significantly 

The distributions of H+ 

from normality. Nonparametric statistical analysis of the multisite 

4 
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precipitation/thr.oughfall data indicated that only one element, Mn, 

exhibited significant inter-site differences in concentration in both 

incident precipitstion and throughfall. 

foliage sowce o f  Mn undoubtedly accour?ted for the difference between 

throughfall sites, with concentrations at one site beneath a single 

mature chestnut oak consistently higher than at a l l  other sites, 

Leaching o f  Mn apparently also contributed to the difference between 

incident precipitation sites. 

surrounded by trees, yielded consistently higher Mn concentrations than 

the site atop a 36-m tower, above the canopy. 

canopy margin and subsequcntly b l o w  into the nearby ground level 

collector would be expected to show an enrichment in the easily 

leachable element Mn. 

were applied to tbe data to reveal seasonal effects en chem'istry of 

rain above and below the canopy. For eiements exhibiting significant 

The significant internal 

The site at ground level, in a clearing 

Rain intercepted by the 

Analys's of variance and convariance procedures 

seasonal effects, the maximum concentrations of Pb, SO;, and H+ 

in rain occurred during the sumner while the peak for Zn occurred in 

the fall. 

occurred during sumer, Zn during fall. and H during winter when 

foliar interception of rain is at a minimum, Although Cd and Mn did 

not exhibit signif icsnt seasonal effects, concentrations in rain also 

In throughfall the highest concentrations of Pb and SO: 
+ 

tended to increase in summer. The summer maxima may be in response t o  

synoptic meteorologic conditions which result i n  elevated aerosol 

concentrations due t o  air stagnation, and in generally ;ewer raiq 
wolumes per event and hence less dilution of scavenged naterial. 

I 
I 
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The interception of incoming rain by the forest canopy resulted i n  

a net increase i n  the concentrations of Cd, Mn, Pb, Zn, and SO;, 

b u t  a net decrease i n  the concentration of H+. 

enrichments on an annual basis were as follows: Mn (factor of 160), Cd 

The elemental 

(4), Zn and SO; ( 3 ) ,  Pb (2.71, H+ (0.9). Simple linear 

regression models were applicable i n  the prediction of throughfall 

concentrations of Mn, Pb, Zn, SO;, and H+ dur ing  the growing 

season based on concentrations i n  incoming rain. 

concentrations i n  incoming rain accounted for the fol lowing fractibns 

of the variances i n  throughfall: 

(% 55%), H+ (27%). 

The variances of 

SO; and Zn (Q 80%), Pb and Mn 

The uptake of H+ and concomitant loss o f  

several elements by the canopy suggests a cation exchange process, w i t h  

the net exchange seen to  increase w i t h  increasing free acidity of the 

incoming rain and w i t h  increasing residence time of the rain on the 

leaf surface. On an equivalent basis, the hydrogen exchange can easily 

account for the trace cation leaching from the canopy, b u t  for < 10% of 

the estimated to ta l  cation leaching from the canopy dur ing  the growing 

season, indicating the importance of other processes as well. 

throughfall collected beneath the chestnut oak canopy d u r i n g  the 

growing season, weak acids were responsible for approximately twice as 

much o f  the to ta l  acidity (57 2 4% as weak acids) than was the case for 

incoming rain (33 -+ 3%; mean rf; standard error) ,  although the 

contribution of weak acids to  free acidity (H') was generally 

negl igible .  The leaching of weak acids from the canopy may be related 

t o  the uptake of H+ and consequent cation displacement suggesting 

- 

_-  

In 

some degree of physiological alteration of the leaf surface. 
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Dilution phenomena in incident precipitation were indicated by 

significant negative correlation coefficients between element 

concentrations and rainfall amount, storm duration, and intensity. The 

expected positive correlations between rain concentrations and time 

since previous rainfall were not apparent, suggesting the local 

atmospheric reequilibration with the regional air mass to be relatively 

rapid. A simple model was applied to the empirical relationship 

between rain concentration and rainfall volume in attempt to estimate 

the relative importance of in-cloud vs below-cloud scavenging to the 

wet deposition of each element. 

annual basis, ‘L 90% of the wet deposition of the primarily 

small-particle atmospheric constituents Pb and SO; was 

attributable to scavenging by in-cloud processes, while for the large 

particle-associated elements, Cd and Mn, removal by below-cloud 

scavenging was somewhat more important, accounting for 30 to 40% of tne 

deposition. Theoretical calculations of scavenging efficiencies 

confirmed the greater importance of the in-cloud processes in Pb 

deposition relative to Mn deposition. 

The calculations indicated that, on an 

.. 
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CHAPTER VI 

GEOCHEMICAL AND PHYSICAL RELATIONSHIPS BETWEEN SUSPENDED, 
DEPOSITED, AND PRECIPITATION-SCAVENGED MATERIAL 

Particle Morphology and Geometric Size Dis t r ibu t ion  

The Occurrence of Fly Ash i n  Suspended and Deposited Particles 

Although the data discussed i n  the preceeding chapters has not 

indicated a clear relationship between deposited material collected i n  

the watershed and emissions from the three local coal f ired power 

p lan ts ,  it has become evident throughout  this research t h a t  fossil fuel 

combustion residues are present i n  nearly every sample collected i n  

WBW. -These combustion residuals take the form of spherical particles, 

more commonly called f l y  ash, and have been previously identified as 

typical of atmospheric emissions from coal combustion processes 

(Gordon, 1975; Bolton, 1973; 1974; Lindberg e t  al.,  1975; Fisher e t  

al.,  1976).. During the course of this research 120 leaf samples, 20 

aerosol samples, 13 filtered precipitation samples, and 12 deposition 

plate samples were examined by scanning electron microscopy (SEM). Fly 

ash was present i n  every sample analyzed, generally uniformly 

distributed i n  the aerosol and precipitation samples b u t  very 

heterogeniously d i s t r i b u t e d  (i.e., clumped) on the leaf or deposition 

plate surfaces. 

are presented i n  Figures 49 t o  52. 

For comparison, several representative SEM photographs 

Figure 49 shows three Anderson 
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TOTAL FILTER AEWSOL IMPACTOR STAGE 1, 

Fig. 49. Scanning electron photomicrographs of particles captured by a 
total aerosol filter (A)  and several impactor stages (B, C, 
D). Theoretical aerodynamic diameters for an impaction 
efficiency o f  SO% were as follows: 
Stage 3 = 3,3pm, and Stage 5 = 1.1 pm. 

Stage 1 = 7 pm, 
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PACTOR STAGE 7 

i IMPACTOR BACKUP FILTER . ri 

Fig. 50. Scanning electron photomicrographs of particles captured by 
one impactor stage ( A )  and the backup filter (B). 
Theoretical aerodynamic diameters were as follows: Stage . 7 = 0.43pm, Backup filter = < 0.43pm (ideally). 
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INERT HORIZOPJTAL S'JRFACE 1 INERT HORIZONTAL SURFACE 2 

k . .  TOTAL FILTER AEROSOL CHESTNUT OAK LEAF 1 

Fig. 51. Scanning electron photomicrographs of particles retained on 
flat, inert surfaces (A, B), and on a chestnut oak ledf (D), 
and captured by a total aerosol filter (Cl. 
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CHESTNUT OAK LEAF 2 PRECIPITATION SCAVENGED, ABOVE CANOPY 

Fig. 52. Scanning electron photomicrographs o f  particles retained on a 
chestnut oak leaf (A), and scavenged by precipitation 
collected above the canopy (B), below the fully developed 
canopy (C), and below the leafless canopy (D ) .  
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impactor stagEs (1, 3, and S) ,  and the total  aerosol f i l t e r  for samples 

collected 8/29-9/2/77. 

backup f i l t e r  far the same set  of samples. 

i l lustrated represent the lower particle size cutoff of each grouped 

s ize  class as described i n  Chapter 111 (e.g., stage 1 was combined w i t h  

the next larger stage 0 pr ior  t o  analysis t o  comprise particle size 

class 1, t h u s  the stage w i t h  the smaller particle diameter cutoff is 

illustrated). 

particle deposition including inert surfaces, chestnut oak leaves, 

Figure 5g shows one impactor stage (7) and the 

The impactor stages 

Figures 51 and 52 indicate several environments of 

incident precipitation, and throughfall, as well as an additional total  

a i r  f i  1 t e r  . 
For ease of description, partl'cles were characterized as belonging 

to one of two genersl grmps ,  easily recognizeable fl4/ ash or 

nondescript "particles" (i.e., t h a t  not recognizeable a; f l y  ash). 

This-  l a t te r  group of particles inc'fuded primarily disperse6 5bi1 

material [recognizable by the typical platelet  structure attributable 

to  various clay minerals (Rosinski and Langer, 1974), such ss the 

leftmost particle i n  stage 1, Figure 49-8, and the central particle i n  

the photograph of below canopy rain scavenged material i n  Figure 524) , 
and scoriaceous material w i t h  a spcngj appearance suggestive of cinder 

ash and often fn-tegrally associated w i t h  f l y  ash (such as the particle 

near the upper lef t  hand corner of the total  aerosol f i l t e r ,  

Figure 49-A, and the large particle i n  the middle and fef t  of the 

photograph of the horizontal inert surface i n  Figure 51-A). 

particles wcre generally relatively large ( 3  5 pm), occurring it? the 

upper impactor stages. 

These 

Semi-qbantitative elemental analysis by 

I 
I 
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SEM-induced X-ray fluorescence (XRF) of individual "particles" 

indicated h i g h  concentrations of S i ,  A l ,  and K i n  the soi l  material 

w i t h  lesser amounts of Fe and T i ;  while the scoreaceous material was 

characterized by h i g h  concentrations of S i ,  A l ,  S, Cay Fey and lesser 

amounts o f  Zn and Cu and generally presented an XRF spectrum very 

similar t o  individual f l y  ash particles. 

the shapes of hollow tubules were investigated by electron spectroscopy 

for chemical analysis -(ESCA) and found t o  contain N i n  the form o f  

amides and amines, indicative of a biological or igin,  possibly f u n g i  

(L. D. Hulett, personal communication). On several occasions, 

generally during the s p r i n g ,  various types o f  pollen grains were 

Other large particles i n  

readily identifiable i n  samples of both suspended and deposited 

material. I 

Nondescript particles i n  the lower impactor stages included some 

material w i t h  the platelet  structure, and fragments o f  the scoreacious 

material, b u t  more often included an amorphous materal w i t h  a puffy 

appearance such as tha t  seen throughout the f ie ld  of the photo of  

stage 7, Figure 50-B. 

larger t h a n  ' the theoretical size predicted for this impactor stage 

( % 10 ym, compared t o  a predicted aerodynamic diameter of  % 0.4 urn) 
suggests a very low density, or  formation i n  situ during or af ter  

collection by the impactor-. 

collected on stage 7 and also on the backup f i l t e r  indicated S t o  be 

the overwhelmingly predominant element followed by Cay Si ,  Fey Pb, and 

Zn. 

The fac t  that  these particles are % 25 times 

X-ray fluorescence of this material 

Analysis by ESCA indicated S to  be present i n  the +6 oxidation 

s ta te .  I t  is likely that  this material represents ( N H q ) p 4  or 



(NH4) h'S04, some of which may have been formed i n  situ (Dingle and 

Joshi, 1974). 

The most interesting aspect of the occurrence of f l y  ash, besides 

i t s  ubiquity, was the association o f  submicroirleter sire particles 

w i t h  much larger f l y  ash particles and w i t h  the scoriaceous material. 

This phenomenon i s  seen i n  stage 1, Figure 49-B and horizontal  inert  

surface (F.igure 51-31, chestnut o6k leaf (Figure 51-D), and the t o t a l  

a i r  f i l t e r  material (Figure 51-C). A Limilar phenomenon is the 

occurrence of aggmgates of s inifar ly  sized f l y  ash particles such as 

seen i n  the total  aerosol f i l t e r ,  Figure 49-A, and horizontal inert  

surface (Figure 51-A), and the chestnut cak leaves i n  Figures 51-D and 

52-A. While I t  is d i f f icu l t  t o  s ta te  positively t h a t  such aggregates 

form prfor t o  capture by deposition surfaces, their  occurrence i n  

samples of suspended particles i s  suggestive of this contention. T h i s  

is particularly true for the f l y  ash particles on impactor s tags  1 

because of the predicted inabili ty of tne smaller f l y  ash particles t o  

come i n t o  contact w i t h  the impactor surface, and hence the large f l y  

ash particles,  durSng sample collection. Fly ash agglomerates have 

been previously reported t o  occur i n  samples c o l l x t e d  i n  prccipitatw 

hoppers (Fisher e t  sl., 1976). Recall also from the discussion i n  

Chapter I11 that  aerosol samples collected i n  the plume of a major coal 

f ired power plant by 'JJhitby e t  a; .  (1976) were seen t o  exhibit a s l i g h t  

increase i n  geometr.ic mean diameter dur ing  plume aginy, attributed to  

coagulation w i t h  each other and w i t h  larger particles. 

was also seen for Cd i n  U.e plurlie samples collected dur ing  this 

research at  a 7VA power plant (Ctlapter 111). 

T h i s  phenomenon 



The association of submicrometer size material w i t h  b o t h  larger f l y  

ash and larger nmdescript particles ( b o t h  of which are seen on the 

hwizontal ifiert surface i n  Figure 51-A) has important implications 

regarding tke mechanisms e f  deposition which irtfluence the atmosphere 

to  surface Sransfer of various elements t o  inert and biological 

receptors. 

sedimentation was an important process o f  particle deposition t o  

various surfaces. 

Interesttngly, one conclusion reached i n  Chapter IV was that  

Ye2 most of the atmospheric burden of Cd, Pb, Zn, 

and SO; was associated w i t h  particles of aerodynamic diameters i n  

the submicron t o  m.icron size raRge. 

particles on the t a t a l  a i r  f i l t e r  sample i n  F igure  51-C yielded 

interesting results. 

(Q 0.6 urn) f l y  ash par*ticle were anaiyzed fo r  S and A l .  The S/P.l r a t i o  

on the surface o f  the  large particle was % 0.1, while the r a t i o  f o r  the 

For example, XRF analysis of two 

One large (% 5.5 pm diameter) and one small 

small-particle (which was associated w i t h  a much larger f?.y ash 

par t ic le  of Q 4 um i n  diameter) was .t 40 times higher. 

small particles w i t h  other sma?l particles or w i t h  large particles 

could result  i n  parent particles i n  a size range for  which the 

deposition is primarily influenced by sedimentation, 

sedimentation t o  a surface, these aggrcgetes would be expected t o  

retain their configuration. 

surface i n  a cascade impactor, these aggregates may fragment, w i t h  the 

aerodynamically smaller particles subject to  resuspension and impaction 

on lower impactor stages, as previously reported for soil particles by 

Rosinski and Lariger (1974). 

Aggregation o f  

Upon 

Howevzr, when impacted onto the collection 
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This  phenomenon o f  particle aggregation also has important 

implications related t o  possible effects at the receptor surface. As 

discussed ita Chapter 1.11 these smallest particles generally contain the 

highest concentrations of strong ac4ds and toxic trace elements. 

material may be concentrated on small areas of a leaf surface dur ing  

sedimentation of aggregates, as we17 as i n d i v i d u a l  particles which are 

often concentrated by the increased retention of various surface 

Such 

roughness features of the leaf (as indicated by the b u i l d u p  of 

particles on the chestnut oak leaf i n  Figure 514). 

deposits come i n t o  contact w i t h  small quantities of surface moisture, 

resulting concentrations of soluble material are h i g h l y  localized on 

When these 

the leaf surface increasing the potential for adverse effects. 

As briefly discussed i n  Chapter IV particle size analyses were 
/ 

performed f o r  several samples of deposited and suspended material by 

optical means, Particle sizes were classif ied by hand counting of 

several photomicrographs of known magnif icatian (50-5000 X,  

resolution ‘L 0.1 pm) or  by hand counting particles sized using an 

ocular micrometer (resolution 1 pm) w i t h i n  several randomly selected 

grids.  

several o f  the samples described i n  Figures 49 t o  52, w i t h  the add i t ion  

of impactor stage 0. 

particles i n  each sample for  both  rec-ognizeable f l y  ash and nondescript 

The results of these analyses are sumarized Table 44 for 

Shown are the range i n  diameters for ind iv idua l  

particles. 

determine average geometric diameter of the largest and smal lest  

particles found (xk o), the number frequency o f  particles i n  5 size 

classes, the calculated number median particle diameter, and the 

In addition, several samples were further analyzed t o  
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Tatls 44. Optical analysls of tlte Particle s i zc  distribution of mter i a l  retained by dewsi'ion plates, leaves, cascade impactor surfaces. total  a i r  
f i l t e r s ,  &id naterial scivcnged by preclpitatiun above and below the canopy 

Total Preci i ta t ion scaven edd 
Type of Anddrron :rrpac*ora Backup a i r  Inert, f l a t  surfaceb Leaf surfaces' Above %low \elow 

p a r t i c k  Parametw b 1 5 7 :iltw f i l t e f i  Horizontal-1 HorizoXK? ret 1 S e t  2 canopy 1 canopy 1 canopy 2 

Fly ash 

Fly ash 

Fly ash 

Fly ash 

Uaximum 
diameter 
(m) 
Minimum 
diametir 
(um! 
Large par- 
t i c l e  mean 
diameter 
( t a l  f m l  
small par- 
t i c l e  mean 
d i awte r  
(fa) (wn) 
Number fre- 
quency t%) 

25 

5 

22t2 

621 

25 

2 

22tl 

523 

c 

1.2 

0.9 

2 6 90 75 ? 7 8 38 40 

0.4 0 2  0.3 P.4 1 0.5 1 0.4 1 

7 t l  42 9 5 2442 23210 26Y2 5 i 4  4.3 6 t l  

0.420.2 110.5 0.4iO.2 ltO.5 1 a . 5  120.5 5t0.2 l t0 .5  

53 
22 
4 

11 
0 

1 7 0 
4 5 22 

47 35 67 
41 45 11 
7 7 0 

Fly ash 

in s ize  ranges 
of: q0.5 urn - - - - - - 1 15 11 0 
0.55~11 WT - . - - -  10 18 11 13 
15x65 - - - - - - 20 49 67 60 
5SxS1011m - - - - - - 25 10 11 13 
210 A - - -  - -  46 8 0 0 

Fly ash Number median 
particle dia- 
meter (um) - - - - - - 0.5 5-10 !-5 1-5 1-5 1-5 1-5 1-5 

Fly ash hean par t ic le  
diamter  (*a) 
(um) - - - - * -  E 3  14t12 5*5 5t5 7210 3t4 3t2 4t3 

Ibn- Uaximum 
descript diamter  

Won- Minimum 
descrlpt diameter 

rkn- Large par- 
descript t i c l e  mean 

Nun- -11 par- 
descript t i c l e  mean 

Nun- Number  fre- 
descript quency (%) i n  

(u4 8 0 8 0 6 4  2 15 100 100 33 80 12 32 10 

(vn) 6 3 2 0.8 0.4 0.2 2 1 1 1 0.3 ' 1.1 1 

2:?4 58tL1 6.t3 18i9 9i2 
diameter 
(+e) (pn) 45$22 47232 - 11t6 55219 632.31 

dianetsr 
[ W )  (pn) b t l  4iZ - - - - 0.4fl.2 3.1 1 $1 1 s . 5  3'2 0.420.1 1.3.0.3 1t0.5 

>lo "m - - - - - -* 3 96 I 
<- )(on- Number median - 

descript par t ic le  dfa- 

Nun- h a n  par- 
descript t i c l e  

dianeter 
(m; (m) .- - - - - - b 3  24t22 22t30 

5-:o 1-5 10 5-10 5-10 5-10 1-5 meter (Iyn) - - - - - - 0 5  

12t10 23120 425 lot12 6t5 

'Theoretical aeroaynamic diamters  for  an impactiol efficiency of SO% were as fOllOWS: 
stage 0 = 11 p, 1 - 7 um. 3 = 3.3 wn. 5 = 1.1 wn. 7 = 0.43 um. 
f i l t e r  samples collected 8"Y - 9/2/77. 

collected a t  ground level 2/14 - 2'24/75. 

Impactor and total a i r  

bmriurntal-l collected in the upper canopy of a chestnut oak :ran 8!29 - 9/2/77. 

cChestnut oak leaves collected in the upper ccnopy on 10/2/75 (zet 1) and on 9/2/77 (set  21. 

dFiltered rain samples collected above the canopy Cor a s t o r l  ocwrring 6/b - 6/8/78 (above 
canopy 1) and f i l t e r ed  throughfall samples collected below the canopy for  storms Occur'Ing 
during the ful l  canopy developefit period, 616 - 6/6/78 (below canopy 1). and durtng the 
"rn leaves" o r  connant Perlod. 2/11 - 2/14/77 (below canopy 2) .  

Hor'zontal-2 

'--- = not detennined. 
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calculated overal l  average particle size (f 5 0). 
different photographs of each sample were analyzed, containing from 10 

t o  200 particles of any one type. 

Generally four 

The inefficiency w i t h  which the impactor and t o t a l  air f i l t e r  

collected large (> 10 pm) particles was discussed i n  Chapter I11 by a 

comparison of the rnass-determined particle size d i s t r i b u t i o n  

(calculated from the weights of the impactor surfaces) w i t h  the 

geometric size d i s t r ibu t ion  of the material retained by the deposition 

plates. T h i s  same difference i n  the sizes of suspended and deposited 

particles is apparent from the optically determined geometric size 

dis t r ibut ions shown i n  Table 44. As discussed above this may relate t o  

some extent t o  the fragmentation of aggregated particles upon 

collection by the impactor surface. The largest f l y  ash particles 

collected by the impactor and total f i l t e r  are considerably smaller 

t h a n  those collected by the inert surfaces bu t  more comparable t o  those 

collected on leaf surfaces. The total a i r  f i l t e r  was apparently less 

efficient i n  collecting large particles, since the material collected 

exhibited a large particle mean diameter Q 1/3 that collected by the 

upper stages of the impactor. These same differences were generally 

also reflected by the nondescript particles which occurred i n  even 

larger diameters than the f l y  ash. Comparing the data  w i t h  the 

predicted aerodynamic diameters of each stage, it  is apparent t h a t  the 

true geometric diameters of particles collected on each stage are not 

always reflective o f  the theoretical aerodynamic diameters, as has been 

reported elsewhere (Dingle and Joshi, 1974). 

for  the nondescript particles which are heterogeneous i n  both shape and 

T h i s  is especially true 
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density, or which, in some cases, may arise as artefacts of the 

sampling system as discussed above. However, it is encouraging that 

the more uniformly shaped fly ash is relatively efficiently separated 

by size in the impactor. Although there is evidence of particle bounce 

and reentrainment on each stage, the rages in geometric size of fly ash 

collected on stages 3, 5, and 7 are quite small and centered about the 

theoretical aerodynamic diameter predicted for a 50% collection 

efficiency. 

The size distribution of particles retained by the inert surfaces 

was discussed in some detail in Chapter I V Y  although the data was not 

compared with that collected from leaf surfaces. Although there is 

considerable overlap in the size distributions, mean diameters, and 

ranges in diameter for particles collected on the leaves and on inert 

surfaces, - the two samples collected at comparable times (horizontal 

inert surface (Figure 51-A) and chestnut oak leaf (Figure 52-A) 

indicate that the inert surface retained generally larger particles 

relative to the leaves, an - -observation consistent with theory (see the 

discussion in Chapter IV). However, since this sampling period also 

included some precipitation, the difference may be related to the 

efficiency of each surface to retain large particles during rain 

wash-off. Unfortunately replicate samples for SEM analysis were not 

collected during the experiments with no precipitation. 

The size distribution of fly ash scavenged by precipitation is 

remarkably similar for all three samples with the presence of the 

forest canopy not indicating the expected result of increasing the size 

of fly ash particles scavenged, presumably from leaf surface wash off. 
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However, this effect was manifested by the size d i s t r i b u t i o n s  of the 

nondescript particles. The particles filtered from the below canopy 

sample, (F igure  524) collected dur ing  f u l l  canopy development, were 

measurably larger than those filtered from a sample collected above the 

canopy dur ing  the same event, or 'the other below canopy sample 

(collected dur ing  the leafless dorment period). I t  would be difficult  

t o  compare these sire d is t r ibu t ions  i n  any detail w i t h  those of 

suspended or dry deposited particles because of the incomparability i n  

the sample coTlection periods. 

Sources of Fly Ash Deposited i n  Walker Branch Watershed 

The widespread occurrence o f  f l y  ash i n  nearly a l l  samples 

collected i n  WBW over a 2-year period was in i t ia l ly  considered as 

evidence t h a t  the 3 local coal-fired power plants had a significant 

influence on the atmospheric chemistry and deposition o f  elements i n  

the watershed, However, analysis of the chemical and meteorological 

data  i n  Chapters I11 and IY d i d  not support this contention, b u t  rather 

implied the importance o f  regional sources. 

surprising given the large physical and aerodynamic size of some of the 

T h i s  was particularly 

suspended material and much of the deposited material. 

from these discussions that a number of references appear i n  the 

literature which support the phenomenon o f  relatively long range 

However, recall 

transport o f  large particles. 

particles Q 50 ~ u n  diameter at  heights 300 m above S t .  Louis provides 

evidence that urban-industrial areas may serve as potential large 

particle sources t o  more remote areas. 

For example, Johnson's (1976) report of 

In addi t ion,  the recent trend 
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in the electric generation industry to utilize tall stacks (% 300 m) on 

new, and in some cases existing, power plants further increases this 

potenti a1 . 
To assess the potential of regional sources to contribute to WBW, 

the N.O.A.A. air mass trajectory computer program described by Heffter 

and Taylor (1975) was used to determine air mass trajectories backward 

in time over a 4-day period taking WBW as the origin. The period 

9/16-9/20/75 was chosen for two reasons; the upper level wind data 

necessary to run the program was readily available for 1975, and during 

t h i s  period preliminary experiments were being conducted at WBW to 

determine the utility of portable ground level (3 m) wind direction and 

velocity indicators (Thornthwaite Model 104 Wind System). Back 

trajectories were calculated for two durations in time, 15 and 24 

hours, with the depth of the transport layer taken as 100 to 3000 m. 

The time intervals were chosen to represent the approximate 

tropospheric residence times of large particles. Residence times were 

calculated from the data in Junge (1963) assuming sedimentation as the 

primary removal mechanism, ignoring eddy diffusion, assuming a mean 

particle density of 2 g/cm , and assuming the aerosol to be contained 
within a layer o f  5000 m with a homogeneous distribution. 

simplifying assumptions, residence times were calculated for three 

particle diamters to be as follows: 10 pm, tr = 50 hr; 15 prn, 

tr = 23 hr; 20 w, tr = 14 hr. 

interest (not all are shown to simplify interpretation) and ground 

level wind rose for the 4 day period are presented in Figure 53 along 

3 

Given these 

The air mass trajectories of 

with the locations of several possible regional emission sources in the 
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160 km - 

. WBW GROUND LEVEL WINDROSE (3 m) 

91 16-9/20/7!i 

A 15 hr BACK TRAJECTORY 
0 24 hr BACK TRAJECTORY 

@ MAJOR URBAN CENTER 
C CHATTANOOGA, TN 
A ATLANTA,GA 
N NASHVILLE, T N  

A ALLEN (TVA, 1000 MW) 
B 
C CUMBERLAND (TVA, 2600 MW) 
CO COLBERT (TVA, 1400 MW) 
G GALLATIN (TVA, 1300 MW) 

' J JOHNSONVILLE (TVA, 1500 MW) . 
WB WATTS EA3 (TVA, 240'MW) 
WC WINDOWS CREEK (TVA, 2000 MW) 

MAJOR COAL FIRED POWER PLANT 

BOWEN (GEORGIA POWER, 3200 MW) 

Fig. 53. Air mass back-trajectories from Walker Branch Watershed (WBW) 
for  the period 9/16-9/20/75. 
100-3000 m. 
urban centers i n  the Tennessee Valley region. 

Transport layer taken as 
Shown are major coal fired power p lan ts  and 
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Tennessee Valley area. Interestingly, the ground level wind rose 

indicated predominantly ENE winds, from the approximate direction of 

the local B u l l  Run Power Plant (BRSP, see Figure I, Chapter 11). 

However, the upper level trajectories were dominated by transport from 

the SW quadrant. 

reflected by the wind rose (nut shown) determined from data co7lected 

These upper level transport  directions were also 

a t  a local 110-m tower near the BRSP (this i s  the same tower from which 

the data was collected t o  calculate the windroses i n  Figures 4 and 5, 

Chapter 111). 

southwest of the watershed includes two major urban-industrial centers, 

Chattanooga and Atlanta, as well as 4 major coal-fired power plants 

(240-3200 MW).  

t rajectories passed through or very near to each of  these potentia7 

As indicated i n  Figure 53 the region t o  the south and 

A t  some p o i n t  du r ing  the 4-day period, a i r  mass 

sources, as well as some t o  the west, w i t h  travel times less than or  on 

the same order as the large particle tropospheric residence times. 

Thus,  accepting the simplifying assumptions above, it is apparent that  

several regional sources can contribute t o  the large particle load and 

deposit ion i n  WBW. 
. 

Each o f  the above assumptions had the effect of increasing the 

atmospheric residence times (Junge, 1963). The occurrence of 

precipitation w i l 7  rapidly deplete the large particle source. 

choice o f  a lower mixing h e i g h t  will decrease the residence times 

proportionally. 

Also 

The assumption of no precipitation is certainly valid 

over limited time periods. 

approximately an order of magnitude t o  the stack height of many major 

power plants and t o  the height at  which Johnson (1976) found very large 

However, if the mixing layer is reduced by 
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particles over St.  Louis (Q 300 m), the residence time is drastically 

reduced such t h a t  the largest particles which could s t i l l  reach WBW 

are % 6 t o  8 pm i n  diameter. As described i n  Table 44, particles i n  

t h i s  size range and smaller constitute a significant fraction of the 

material captured on total a i r  f i l t e r s ,  deposited on leaf and inert 

surfaces, and scavenged by precipitation. 

significant fraction of the particles i n  the atmosphere an3 deposited 

on various surfaces i n  the watershed could have originated from several 

regional sources. The chemical and meteorological da ta  indicated t h a t  

local source effects were relatively poorly defined, leading t o  the 

conclusion t h a t  the regional influence was more important. It  is 

difficult  t o  hypothesize a very distant source, however, for some of 

I t  is probable t h a t  a 

the largest f ly  ash particles collected i n  the watershed. I t  seems 

logical t o  assume t h a t  under most conditions, f l y  ash on the order of 

20 t o  100 um diameter must originated relatively close t o  the 

receptor. However, w i t h o u t  the a i d  of combustion plume tagging  

experiments (e.g., using SF6) it will be an extremely difficult  task 

to  positively identify specific sources o f  particles captured-by the 

forest canopy i n  WBW or t o  accurately quantify the local source i n p u t  

t o  the watershed. 

Geochemical Relationships 

Elemental Ratios and Correlations as  Indicators 
o f  Sources and Mechanisms of Removal 

Having established the presence o f  f l y  ash i n  samples of 

suspended, deposited, and scavenged materials i t  is o f  interest t o  

compare the chemical composition of these samples i n  an attempt t o  
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further define mechanistic and geochemical relationships. 

which has been applied i n  several studies and which avoids the 

complications and errors o f  absolute predictions is normal iza t ion  of 

the ccncentration d a t a  us ing  element ratios (Gordon, 1975; Zoller e t  

al.,  1974; Lawson a;ld Wincnester, 1978; Andren and Lindberg, 1977). 

Since much of the matei.ia1 i n  the atmosphere is derived from natural 

processes resulting i n  suspended soil  and rock d u s t ,  the choice of the 

An approach 

reference alement should  ref lect  this fact .  The most widely used are 

relatively cornon lithoph-r'le elements which are generally sparingly 

soluble and non volati le,  thus minimizing chemical and physical 

fractionation. These incluae A l ,  Fe, Sc and several rare earths. 

Ratios of the elements o f  interest t o  the reference element are further 

normalized by comparison w i t h  similar ratios i n  surface soils or 

crustal material. 

enrichment factor (EF, Zoller e t  al.,  1974): 

T h i s  double normlization technique resufts jn an 

EF = (X/reference element)air/(X/referBence e?ement)crtist 3r soil .  
_ -  - 

Enrichment factors w i t h i n  an order of magnitude o f  unity are taken as 

suggestive of a crustal or surface soil sowce while values much 

greater indicate a non soil related source. The use o f  the EF i s  

generally associated w i t h  rnultielment sttidies i n  which total  A l ,  Fe or 

rare earth concentrations are determined by neutron activation 

analysis. Since such an approach was not practicable i n  this research, 

It was necessary to deve?op the case for another refereace element. 

The data discussed i n  Chapters 111 and VI sugg~sted the primary source 

of Mn i n  the atmosphere and deposited on surfaces i n  the watershed t o  
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be resuspended surface soil  dust. To t e s t  the u t i l i t y  of us ing  Mn as a 

reference element, enrichment factors relative to  A1 were calculated 

for  the siimples subjected t o  the t o t a l  wet digestion procedure 

(experiments; period W7 for the awosQls and deposition p la t e  retention 

samples, the precipitation samples were collected 9/29-10/10/77). 

These values are summarized i n  Table 45. The soil  concentrations were 

taken from data compiled i n  Rndren and Lindberg (1977). 

factors for Mn indicate it t o  behave similarly t o  A1 i n  a l l  aerosol 

The enrichment 

size fractfons as we17 as i n  dry deposited material collected i n  the 

upper canopy and on the forest  f loor .  T h i s  is i n  agreement w i t h  the 

previous work o f  Struernpf er (1975) who comgared aerosol enrichment 

factors calculated us ing  both A 1  arid Mn as reference elements and found 

no significant difference bctvfeer, the two methods. 
/ 

/' 

The elements Ph anti Zn a w  aophrently present in suspended and 

deposited particles i n  concentratians too  h i g h  t o  be derived from a 

crustal weathering source. The enr1c:hment factor: increase 

considerably as particle size decreases, suggesting a ccmbustion - 
condensation soure2 for  these relatively volati le elements. 

EF values for the deposited m;terial reflect  the influence of the 

particle sedimentation proczss i n  diluting the trace metals w i t h  

relatively h i g h  conrentraticns of crustally derived A1 as weli as Jarge 

f l y  ash particles which exhibit lower trace metal t o  A1 ratios because 

of their  small surface area t o  volume ratios relative t o  submicron f l y  

The lower 

ash (Natusch et al . ,  1374). The enrichment factors of Cd i n  the upper 

three aerosol size classes indicate a possible soil souxe  while the 

smaller payticles e x h i b i t  a higher enrichment, as expected o f  a 



353 

Table 45. Enrichment factcrs o f  trace metals in suspended, deposited, 
and precipitation scavenged materials collected d u r i n g  
experimental period H7 (based on total  metal concentrati3ns) 

Samp 1 e Cd Mn Pb Zn 

Aeroso 1 s : 

Size class 1 
Size class 2 
Size class 3 
Size class 4 
Size class B 

Deposited Part i c 1 es : C 

uc 
FF 

4 1 76 14 
3 2 190 36 
7 3 630 250 

a7 2 2400 390 
23 4 13,000 170 

10 
4 

1 
2 

i 

100 30 
i20 25 

Precipitatioc Scdvertged :d 

+- 67 i) 40 6500 2800 
Below canopy 110 7 50 1500 16CO 
Above canopy - -- 

- ---I_ 

aEF = (X/A1) sample / (X/A1)  soil. 

b i z e  class 1. aerodynamic diameter (for 50% collectian 
efficiency) -N 7 m, class 2 f: 3.4 urn, class 3 1.1 urn, 
class 4 = 0.4 urn, class E = backup f i l t e r  ( <  ~ 0 . 4 4  m). 

and on the forest  floor ( F F ) .  

These samples were not  collected during period W7, b u t  from 

CParticles retained by inert surfaces in the upper canopy (UC) 

dIncludes only the ava.ilable metal fraction, not total .  

9/29-10/10/77. 

I 
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volatile element released in a combustion process, 

greater concentrations of soil derived material on the upper canopy 

deposition plates, it is difficult to determine the extent to which Cd 

deposition is of crustal origin, the enrichment factor being 10. 

Because o f  the 

The enrichment factors for elements leached from precipitation 

indicate some enrichment of Mn in incident precipitation, considerable 

enrichment of Cd, Pb, and Zn in incident precipitation and 

throughfal1,but also considerable enrichment of Mn in throughfall. 

last observation is related to the much higher solubility o f  

particulate associated Mn compared to A I  (Hodge et al., 2978) and the 

strong internal dissolved Mn source within the forest canopy 

(Chapter V ) .  

total element concentrations such as in soil, or suspended and 

deposited particles, with ratios of dissolved element concentrations 

The 

Thus there is a potential problem in comparing ratios of 

such as in rain. 

crustal derivation, such comparisons are valid when using the soluble 

and available element ratios. 

Because of the indication that Mn is largely o f  - 

However, because of the complication of 

the internal Mn source in leaves, element ratios to Mn in samples of 

throughfall or leaf leachate will be difffcult to interpret. 

Ratios of the available trace element and soluble SO; 

concentrations to the available Mn concentrations were calculated for 

the samples collected during the 1977 intensive sampling experiments, 

as well as for some precipitator ash, stack ash, and in-plume ash 

samples from coal fired power plants. These ratios were calculated for 

the experimental periods during which dry deposition rates were 

calculated (Chapter IV) and for periods during which well defined, 
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s i rg le  precipitation events were sampled. 

Figures 54 and 55 for  each element. 

T h i s  data is summarized i n  

Indicated on the p l o t s  are the 

mean values (+ S.E. fo r  sanp’le sets of multiple observations) o f  the 

element t o  Mn mt ios  for the f ly  ash, plume samples and ambient 

aerosols i n  several Fiirticle size classes, incident precipitation, and 

dry deposition captured on inert ,  f l a t  surfaces. Shown for cortiparison 

are representative ssil  ratios for WBId taken from the data i n  Fortesque 

et  al .  (1973), Andren and Lindberg (1977), and Van Hook e t  al .  (1977) 

and corrected t o  ref lect  available element f r ac t ims  according t o  the 

data of Tyler (1978). These ratios indlcaie the trace elements t o  

behave somewhat similarly w i t h  respect to ?In i n  f l y  ash and aerosol 

samples. 

combustion, showing l i t t l e  ecriehment 9n f l y  ash compared t o  coal or 

slag (Kaakinen e t  a?., 1975; Klein e t  al.,  1975), variations i n  the 

element t o  Mn ra t io  generally reflect  the behavior o f  the element i n  

Since Mn apparently behaves as a matrix element dur ing  coal 

- 

question w i t h  respect t o  the parent particle. 

of Pb and SO: i n  ash collected i n  the stack relat ive t o  

precipitator ash, while Cd and Zn reflected l i t t l e  change. A 7 1  

elements exhibited a substantial enrichment i n  conbust ion p7ume 

T k r e  was an enrichment 

aerosols compared t o  in-stack material, further suppcirt ing the 

conclusions discussed i n  Chapter I11 relative to  he irnportanca of the 

i n i t i a l  stages of plume cooling and associated gas-particle 

interactions on aerosoi chen;istry. The increase i n  ratios w i t h  

decreasing particle size for each element are also indicative of vapor 

condensation reactions since W? smallest partic’les w i t h  the largest 

surface area t o  volume (and hence surface area to matrix element) 



356 

e-4 
0 
.y 

C 

I I P 

4 

0 
4 

D 
0 
4 

(SNOILWLIJ 3 l f f V l l V A V )  

... 
0 
=-I 

P '  
0 
4 

,/ 

r 
r 

I 

-c I 
..! 

3 l l I  I I 1 I " ' $  1 I I 1 I l l  I I I I I l 1 1 1 l 1  I I 
I P ' 4 - . 

0 
4 

0 
4 

0 
4 

(SNO IlJVIJ 3 1 E V l  IVAV) 

OILtltl UW/P3 

Q4 U 
I .I- L 
s w f a  

*e- 0 u 
P S  

U a J f a  
T U 4  
f a v )  
1, 

K LFI 
W U  
fa +I 

f a L L  

-I-- fa u 
5 S E  m u  

,. ui 
0)  

LL 

. 
.I- 



357 

Ill 
0 
4 

* 

c n N r. 

t 0 + --I 
0 
.--.I 

0 
4 

(SNOIlJVdJ 318V1: t'ht') 

L 

a 
d 

Y 
0 
cl . 

Ln 
Ln 

m 
LL 
-r- 



358 

ratios will act as preferential sites of vapor condensation resulting 

in the highest volatile element to Mn ratios. 

As the combustion plume mixes with the background air mass, the 

surface associated elements are effectively diluted by regional 

aerosols including relatively Mn rich soil dust. This results in a 

decrease in the ratios for those elements for which coal combustion is 

a major source t o  the regional aerosol load. 

case for Cd, Zn, and SO:. 

aerosol are 2 to 4 times higher than the ratio in combustion plume 

This is apparently the 

However, Pb/Mn ratios in the ambient 

aerosols, reflecting the importance of automobile emissions to the 

regional aerosol composition, as expected (Chow and Earl, 1970). 

Despite the physical and chemical interactions between the plume and 

the background aerosols each of the elements retains the pattern o f  

increasing element/Mn ratios with decreasing particle size. 

The ratios for deposited material indicate further dilution of the 

ambient aerosol with crustally derived particles with lower trace 

element and higher Mn concentrations. 

in rain are more reflective of the composition o f  supermicron particles 

In each case the element ratios 

than of submicron particles. The indication of a more efficient 

wetfall removal of particles > 'L 1 urn diameter is supported by the 

ldger residence time o f  small particles in the atmosphere as well as 

the theoretical collection efficiency of precipitation for polydisperse 

aerosols (discussed in Chapter V ) .  The importance o f  large particle 

sedimentation in aerosol deposition to flat, inert surfaces is 

reflected by still lower element t o  Mn ratios in dry deposited 

material. Interestingly, at this point in the geochemical cycle of 
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aerosols the element ratios to Mn are on the same order as those of 

surface soils, making the link between deposited particles and 

emissions from coal combustion plants, on a chemical basis, somewhat 

tenuous. However, the physical presence of fly ash in a71 samples 

leaves little doubt o f  the general source o f  much of the deposited 

material. This may indicate a serious shortcoming o f  the application 

of elemental ratios and enrichment factors to the identification of 

sources for very heterogeneous surface deposited particles. 

In a further attempt to relate deposition by both wet and dry 

mechanisms with suspended particle chemistry, correlation coefficients 

were calculated between precipitation concentrations or, dry deposition 

rates and concentrations in the total aerosol fraction, size class 1 

fraction (>  'L 7 urn), and size class B fraction (< Q 0.4 vm). The 

correlation coefficients between dry deposition and air Concentrations 

were previously discussed in Chapter IV (Table 23) as indicating a 

significant, direct relationship between the air concentrations and dry 

deposition rates of Cd, Pb,. and SO: and possibly Zn. Similar 

relationships between precipitation concentrations and atmospheric 

concentrations are complicated by the strong interdependence between 

rain concentrations and rain volume, as discussed in Chapter V. For 

the periods of intensive deposition sampling during which well defined, 

single precipitation events occurred (n = 5, see Table 3, Chapter III), 

Cd exhibited a marginally significant correlation coefficient with 

precipitation concentration and with the air concentration in the large 

particle size class; Zn exhibited a significant positive correlation 

coefficient between wet deposition rate and air concentration in the 



360 

fine particle size class; Pb and SO; exhibited marginally 

significant correlation coefficients between rain concentration and air 

concentration in the fine particle site class, and Mn exhibited no 

significant correlation coefficients. 

rain and large particle Cd in air supports the hypothesis developed in 

The relationship between Cd in 

Chapter W that below cloud scavenging (of primarily large particles) is 

an important mechanism of Cd wet deposition. The absence of a similar 

relationship for Mn, the precipitation concentration of which was also 

strongly related to below cloud scavenging processes, may be explained 

by the relatively poor efficiency of the aerosol samplers to collect 

large particle Mn (as discussed in Chapter 1x1). 

between the concentration of Pb and SO; in rain and in the fine 

particle mode in air would also have been predicted from the 

The relationships 

calculations in Chapter V which suggested in cloud scavenging ( o f  

primarily mall particles) to be the major mechanism controlling the 

concentrations of these contituents in rain. 

.- 

- 

Several authors have utilized correlation analysis to identify 

comnon source elements in samples of both suspended and deposited 

particles (Struempler, 1975, 1976; Winchester, 1973; Cause, 1974). 

Large correlation coefficients between any element pair are assumed to 

be indicative of a common source and similar behavior. However, a 

point often neglected is that significant correlation coefficients can 

be indicative of  similar behavior alone, regardless of source. This is 

part icul ar ly important when considering the interrel at ionships between 

two elements each o f  which, in turn, is known to be related to a cornon 

parameter (such as simultaneous dilution of 2 elements in precipitation 
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by increased rain volume). 

atmosphere following release from differnt sources are largely ignored 

(such as between NH: and SO;). 

coefficients were calculated for the various data sets discussed in the 

preceeding chapters, the results being sumnarized in Table 46. 

In addition, chemical interactions in the 

Interelement correlation 

. 
To 

simplify comparison, only those element pairs for which the correlation 

coefficients were significant (P 

are in parentheses). 

0.05) are included (the coefficients 

The dry deposition and air concentratSon data sets 

.. resulted in few significnt correlations, which may have been due to the 

limitations of the data in both time and number of observations. 

However, both of the significant relationships provide good examples of 

possible mfointerpretation which can result from such analyses. In the 

total aerosol fraction Cd and Pb concentrations were significantly 

correlated and yet, according to the discussions in Chapter 111, they 

do not appear ta have a common source or a similar particle site 

distribution (and hence possibly a similar behavior). An artifact is 

suggested. Similarly, the concentrations of Pb and SO; in dry 

deposition are highly correlated, although they do not share a comon 

primary source, other than fossil fuel combustion in general. However, 

because of their similar size distribution in suspended particles their 

deposition rates to flat surfaces may be controlled by similar 

processes (tee.% small-particle deposition mechanisms would be 

relatively more important for these elements than for those with larger 

mass median diameters), 

The significant correlation coefficients in the precipitation 

related samples provide an interesting group of common source and 
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similar behavior relationships. The H+ - SO; correlation is 

suggestive of the scavenging of acid sulfate aerosols or the production 

of H+ during SO2 oxidation. The Pb .. SO; correlation may be 

related to the similarity in aerosol size distribution and imporrance 

of in Claud scavenging for these elements. 

apply the same explanation to the SO; - Mn correlation because'of 
However, it is difficult to 

the considerable difference in both particle size distribution and 

importance of in-cloud vs below-cloud scavenging. It is more likely 

that this correlation is related to recently proposed atmospheric 

interactions between S species and dissolved Mn in rain droplets and 

cloud water. 

SO; is a major source of SO; in rain, in addition to direct 

particulate SO; scavenging (Bielke and Georgii-, 1968). The 

mechanism of SO2 oxidation in water has been described in detail by 

Scott and Hobbs (1967) while its application to rain chemistry has been 

The dissolutlon o f  SO2 and subsequent oxidation to 

discussed by several authors (Hutcheson and Hall, 1975; Dana et al., 

1975; Miller, 1972). 

intermediate species HSOJ which dissociates to produce SO;. 

The rate of oxidation to SO; is controlled by the concentration of 

sulfite which is, in turn, controlled by pH. Beilke et al. (1975) 

The oxidation process involves production of the 

measured the rate of oxidation in a pure system and concluded that at 

pH.56 oxidation is too slow to be of importance in the atmosphere. 

However, in addition to the well known role o f  NH3 in increasing the 

solution pH and hence allowing increased oxidation of SO; (Junge, 

1963) heavy metal ions are known to act is catalysts to accelerate the 

oxidation reaction. The reaction mechanism of catalytic oxidation has 
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been described by Schmidkunz (1963; as cited by Barrie and Georgii, 

1976) and further investigated by Barrie and Georgii (1976). Their 

research indicated that, of several metals, Mn+2 was the most 

effective catalyst, forming an intermediate, regenerable complex with 

sulfite. 

increasing Mn+2 concentration, one would expect a positive 

relationship between Mn and SO; in precipitation if this is indeed 

an important atmospheric SO2 oxidation mechanism as suggested by the 

authors. 

and Mn - H+ are likely artifacts of the correlations between 

SO;, Mn, H , and Pb. 
for the canopy net leachate samples, which include material both washed 

from the leaf surface and leached from the fol-iage, represent source 

Since the oxidation rate was reported to increase with 

The remaining significant correlations, Pb - Mn, Pb - H+, 

+ The interelement correlation coefficients 

1 

and behavior relationships for Mn and SO; but primarily behavior 

relationships for the other elements. 

highly positively correlated while each is significantly negatively 

correlated with H+. 

strong internal leaf source, as discussed in Chapters IV and V, from 

- 
Manganese and SO: are 

These two elements in net leachate reflect a 

which leaching increases in response to certain storm parameters which 

also result in increased H scavenging by the canopy and hence lower 

H concentrations in canopy leachate. Several discussions in 

Chapter V considered these interactions in detail. 

+ 
+ 

The correlations 

'between the element pairs Mn - Pb, Cd - Pb, Mn - Zn, and SO; - Pb 
most likely reflect similar behavior of these elements with respect to 

various meteorological parameters while some of the correlations may be 
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ar t i facts  due to correlations of two actually unrelated elements w i t h  a 

coirrnon element e 

Measurement o f  b o t h  wet and dry deposition of airborne materials 

has often been oriented toward predictive needs of various 

disciplines. 

f l u x  t o  biol3gical receptors for the purpose of predicting possible 

physiological effects; the metecrologist is interested i n  the dynamic 

physical processes at  the atmosphere-surface tnterface and how these 

processes a l te r  atvospheric transport; and the geochemist is interested 

i n  the role of the atrncsphei-e i n  element cycling, particularly as 

The ecologist 5s interested i n  estimating particle or gas 

influenced by 

deposited and 

recent years, 

re 1 at i ons h ips 

man's activit ies.  Tw3 types o f  relationships between 

suspended material have been i n  relatr'vely wide use i n  

generally for predictive purposes. 

between dry depcsition rates and a i r  concentrations and 

These are the 

I _- 
between precipitation concentrations and and a i r  concentrations. The 

former relationship i s  represeited by the deposition velocity (Vd), 

defined as the vertical f l u x  of an eiement t o  a surface (F) divided by 

the mean concentration o f  the element i n  the a i r  a t  some height above 

the surface (C), expressed i n  cm/see (Chamberlain, 1953). 

o f  element concentrations i n  rain and a i r  are based on the scavenging 

Comparisons 

ra t io ,  W, defined as the rat!o o f  the product of precipitation 

cmcentration o f  an element (k) and the density cf 3ir ( p )  d iv ided  

by the corlcsntration i n  a i r  (C) (Engelmann, 1971; Gatz, 1977). 
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Some of the theory behind these relationships was discussed i n  

Chapter V .  Thus  i n  terms of  the measured values reported i n  this 

research, these parameters are expressed as follows: 

vd (cm/sec) = [F(ug/m2day) / c (ng/m3)1 1.16, and 

GJ = k (pg/l)  p (= 1200 g/m3 @ 20°C, 760 mm) / C (ng/m3) . 
Deposition velocities and scavenging ratios were calculated for 

the summer, 1977 experimental periods for which interelement 

correlations, ra t ios ,  and enrichment factors were calculated i n  the 

previous section. These results are summarized i n  Table 47 f o r  each 

sample period. There are widely recognized t o  be several problems w i t h  

the concept and use o f  the deposition velocity (Droppo and Hales, 1976; 

Sehmel and Hodgson, 1977). 

unconsidered, complication i s  the poss ib i l i ty  that  some plant canopies 

may act as both sources and sinks for atmospheric particles. 

One recently reported, but  previously 
I 

T h i s  

phenomenon has been reported i n  the laboratory for the release o f  Z ~ I  

and Pb containing particles by mature pea and bean plants, and pine 

tree seedlings (Beauford e t  a l . ,  1975, 1977). 

short term, intensive experiments, Hicks and Wesely (1978) measured net 

In a series o f  recent 

upward fluxes of particulate SO: from a pine forest canopy during 

certain times o f  the day. The result o f  such releases may lead to  

overestimates of  deposition velocity since much of the deposited 

material may actually represent internally cycled particles. 

Nonetheless, tfw concept of deposition velocity is s t i l l  widely used 

and perhaps o f  most use from a comparative, as well as a predictive, 

standpoint. 
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Table 47. Dry deposition velocities (vd) and precipitation scavenging 
ratios ( W )  in WBW for several experimental periods during the 
sumner o f  1977 

.' Perioda Cd Mn Pb Zn so; 

1' 
2 
3 
6 

DRY DEPOSITION VELOCITY (cm/sec) 

0.33 1.7 0.047 0.66 
0.87 17 0.10 0.36 
0.05 4.7 0.040 0.27 
0.22 2.4 0.068 0.24 

PRECIPITATION SCAVENGING RATIO 

1800 14000 22 470 
4200 _* 1300 110 670 
1800 460 26 1000 
14000 1990 280 1200 

~ 

0.09 
0.24 
,0.07 
0.13 

1100 
960 
620 
1900 

12 3300 600 122 760 430 

aDetails o f  each experimental period are described in Chapter 
111, particularly in Table 3. 



The importance of sedimentation i n  the dry deposition of particles 

t o  the inert, f l a t  surfaces is reflected by the deposition velocities. 

With the exception of Zn,  the highest deposition velocities calculated 

were for period W2 which experienced the i;ighest frequency of a i r  

stagnation o f  the 4 experimental periods. 

conditlons sedimatation would be ex3ected t o  be a more important 

deposition process than impaction because of the low wind speed and 

incomplete atmospheric mixfng. 

increased atmospheric mixing  increase the relative contribution o f  

particle impaction ax! convective diffusim t o  the deposition process 

while under stagnant conditions sedimentation may dominate (Sehmd and 

Hodgson, 1915) .  

frequency and depositicn nlelocities were significant ( P  5 0.05) for Cd 

(r = 0.38), Pb (C.96), and SO: (0.98), marginally significant 

(P 2 0.10) fo r  Mn (0.86) b u t  insignificant for 217. 

hand, was the only element w i t h  a large correlation coefficient between 

MMD and Vd (0.85). 

Under these meteorologic 

Periods o f  higher wind speed and 

The correlation coefficients between a i r  s tagnat ion 

/ 

Zinc on the other 

Despite the lack of a strong correlation between 

the periodic variations i n  MFD and Vd for each of the other elements, 

'the general order of  deposition velocities (Mn > Cd > Zn > SO; 

> Pb) was strongly related t o  the KMD of each element. The correlation 

cosfficient between the mean deposition velocity and mean MMP of each 

element for these experimental periods was 0.95 (P  0.05). This 

Increase i n  Vd w i t h  MMD is expected for pal,-ticles i n  the size range 

% 0.6 - 10 urn where gravftationsl set t l ing and iner t ia l  impaction are 

the primdry deposition mechanisms at  low and h i g h  wind speeds 

respectively (SehEel and Hodgson, 1976; Slinn, 1976). 



Table 4% compares the deposition velocities determined a t  WBW w i t h  

several literature values (also compares precipitation scavenging 

ratios).  

expressed on an fndividual  upper canopy e’lement surface area basis and 

do not reflect the overall effect of the fully developed canopy, which 

could effectively increase the deposition velocities by as much as a 

I t  should b e  kept i n  mind t h a t  the values measured i n  W B W  are 

factor of 6 (see the discussion i n  Chapter YII), 

data compare rather favorably w i t h  the work of others. 

velocities for Mn i n  WBW are somewhat higher t h a n  those measured 

elsewhere for two possible  reasons. 

In general the WBW 

The deposition 

The data presented for the U.K. 

are annual averages of monthly composite samples, a method expected t o  

minimize extremes i n  the data. In addi t ion  any problems i n  the 

underestimation of the atmospheric large particle Mn burden i n  WBW, as 

previously discussed, would result  i n  a positive b ias  i n  the calculated 

deposition velocities. 

experiments provides an interesting comparison of source effects on 

The Pb data collected i n  the California 

deposition velocity. Near the source (freeway) a wide spectrum of Pb 

particles are reTeased ranging from < 1 vrn t o  > 10 wn (Davidson, 

1977). 

due t o  efficient removal by sedimentation and inertial impaction 

1 

These largest particles have the highest deposition velocities 

processes (Sehmel and Hodgson, 1976). 

increases, as from the freeway shoulder, t o  Pasadena (samples 

collected % 300 m from t h e  nearest s t reet)  t o  the remote wilderness 

area s i te ,  the particle size d i s t r i b u t i o n  is altered by continuing 

deposition t o  reflect increasingly smaller aerosols w i t h  lower 

deposition velocities. 

As distance from the source 
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Table 48. Comparison of dry deposition velocities and precipitation scavenging rat ios  a t  several 
t ocati ons 

Location Cd Mn Pb Zn SO; 

N. C. Pine Forest a 
Wilderness Area, CA 
Pasadena, CAC 
Freeway Shoulder, L.A. 
U. K., rurale 
U. K., remote coastale 
U. K., remote continentale 
U. K., ‘industriale 
U. S., west 
WBW9 

b 

d 

f 

DRY D EPOS I T ION VEL OC ITY ( cm/ sec ) 

0.55-0.71 
0.05-1.4 
0.35-0.55 
0.60-0.76 

-- 
0.07 
0.29 
1.8 
0.23-0.43 

< 1-1.5 
0.57-0.69 
0.19-0.39 

-- -- e- 

0.05-0.87 1.7-17 0.04-0.1 

-- 
-- 
-.. 
-.. 

0.41-0.97 
0.64-3.3 
0.50-0.71 
0.45-1.2 

-- 
0.24-0.66 

PRECIPITATION SCAVENGING RATIO 

-- h N. Y. City 
S t .  Louisi -- 
U. K., rurale c- 

U. K., remote coastale -- 
U. K.-, remote continentale -- 
U. K., industriale -- 
WBWS 1800-14,000 

aHicks and Wesely, 1978. 

-- 
120-3500 
500-630 
6000-11,000 
145-160 
230-440 
460-14,000 

20-280 -- 
25-450 30-4200 
290-340 370-720 
870-1100 2700-9000 
57-140 190-220 
290-360 120-210 
22-280 470-1200 

0.42-1.27 

..- 
0.1-0.3 
0.07-0.24 

1500 
24,000 
520 
1050 
430-1900 

bpatterson, 1975 (cited i n  Oavidson, 1977). 

CDavidson, 1977. 

dHuntzicker and Davidson, 1975. 

eCawse, 1974, 1975. 

fDroppo, 1976, 

hKrey and Toonkel, 1977. 

iGatz, 1977. 

9This study. Dry deposition velocit ies determined as the r a t io  between the deposition rate  
and the a i r  concentration for  the available element fraction. 



371 

The deposition velocities of SO; reported by Hicks and Wesely 

(1978) are among the first measured on a real time basis for a forest 

canopy. The authors presented this preliminary data to make the point 

that the often used deposition velocity of 0.1 cm/sec may not be valid 

for a forest canopy, but that a value closer to 0.5 cm/sec should be 

applied for predictive purposes. If the values calculated for WBW are 

multiplied by 6 to reflect the Q 6/1 ratio o f  canopy element surface 

area to ground surface area, the values range from 0.42 to 1.4 cmisec, 

very similar to those measured by Hicks and Wesely. Indeed nearly all 

of the values measured in WBW indicate an estimate o f  vd for a 

deciduous forest to be higher than the comnonly used 0.1 cm/sec. 

Tables 47 and 48 also sumnarize the precipitation scavenging 

ratios for 5 experimental periods in WBW and for some data recently 

reported in the literature. As indicated in the recent ERDA Symposium 

(Smonin and Beadle, 1977) there has been a revived interest in the use 

of washout ratios, or in the nomenclature suggested by Slinn (1977), 

precipitation scavenging ratios. 

relationship between the elemental concentration in air and in rain 

provides some insight into the processes within and below the cloud 

layer (Engelmann, 1971). Because of the obviously growing interest in 

the wet deposition of both acids and trace constituents (e.g., see the 

symposium cited above; also the symposium volume edited by Dochinger 

and Seliga, 1975) there is a need for developing predictive 

relationships for rain chemistry, many of which may interface with the 

concept of scavenging ratios (Gatz, 1977). 

scavenging ratios calculated for the WBW data are highly variable, but 

It has been suggested that the 

The precipitation 
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generally comparable with those observed by others (Table‘ 48). Such 

large ranges are expected for values calculated from individual storms, 

especially for storms of small rain volume for which the variability in 

concentration is greatest (Chapter V) .  In several studies of 

scavenging ratios various authors (as reviewed in Krey and Toonkel, 

1977) ’ have found that such ratios are relatively independent of 

rainfall amount, as well as relat-ive humidity, dew point, wind speed, 

direction, and air mass trajectories. However, there are some reports 

of inverse logarithmic relationships between precipitation volumes and 

scavenging ratios (Krey and Toonkel, 1977) * Correlation coefficients 

calculated for the WBW data between rainfall amount and scavenging 

ratios were all negative but generally small (I r 15 0.66) with the 
exception o f  Pb (+ 0.19). Interestingly, recent data presented by Gatz 

(1977) exhibited the same relationships (negative but small correlation 

coeeficients for Mg, K, Ca, Mn, Fey and Zn, but positive for Pb). 

Thus, it appears that precipitaion volume has a relatively minor effect 

on the scavenging ratio. 

of temporal variations in the MMD of  any individual element, air 

stagnation frequency, and relative humidity. However, the mean 

These ratios were also apparently independent 

scavenging ratios for each element were weekly correlated with the mean 

MMD of each element (r = 0.70) as was also seen for the deposition 

velocity. This relationship was also reported by Gatz (1977) for the 

elements cited above. The author speculated this to be an indication 

of the relative importance of below cloud or impaction scavenging for 

each element, since the collection efficiency for particles by 

raindrops increases rapidly with particle size for particles > Q 0.5 pm 
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diameter (Chapter V) .  The relative order of mean scavenging rat ios  

from Table 47 is indeed similar t o  the relative importance of below 

cloud scavenging as determined by the empirical approach described i n  

Chapter V. Because of the apparent particle size effect  on the 

scavenging rat io  and the opperational dependence on a i r  concentration, 

both of which are subject to  large short term variations, the 

predictive u t i l i t y  of wet scavenging r a t io s  is perhaps best when 

applied on a seasonal or longer term basis (Gatz, 1977). 
- 

Sumnary 

Scanning electron and l i g h t  microscopy of biological and inert 

deposition surfaces indicated the presence of considerable numbers of 

re la t ively large (>  10 urn) f l y  ash particles as well as dispersed soil 

fragments, primarily on upward facing surfaces, confirming the ear l ier  

indications that  sedimentation was an important dry deposition 

mechanism to these surfaces. Possible sources o f  large-particle f l y  

ash were determined by calculating upper level a i r  mass backward 

t ra jector ies  for time intervals comparable to  large-particle 

tropospheric residence times. These trajectories were found t o  

traverse two major regional urban centers and five major regional 

coal-fired power plants w i t h  sufficiently r a p i d  travel times t o  account 

f o r  t h e  large-particle transport. 

several scanning electron photomicrographs was the association of 

submicrometer f l y  ash w i t h  considerably larger (5 t o  20 urn) f l y  

ash and scoriaceous particles and the agglomeration of several 

. 

, 

An interesting observation i n  

submicron f l y  ash particles into large aggregates. The.remova1 
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of these large particles from the atmosphere is primarily controlled by 

sedimentation, which may account for the often high concentrations of 

small-particle-associated Elements (Pb, SO;) in dry &posited 

material. 

Trace elemnt ewichment factors, using aluminum as the reference 

element, indicated Pb and Zn in aeroFols to occur in concentrations too 

high to suggest crustal derivation. 

aerosols collected on the lower impactor stages (smaller particles). 

However, large particle Cd, and Mn i n  all size ranges could have been 

crustally derived. 

This was also true for Cd in 

Elemental ratios to Mn, which is soil derived in 

ambient aerosols and behaves as a matrix element during coal 

combustion, indicated the following: (a] ratios of each element to Mn 

increased substanti6?7y from precipitator ash to stack ash to plume ash 

collected at a large, modern coal fired power plant, (b) the highest 

ratios occurred in the smallest particles, (c) mixing o f  the plume with 

the background air mass resulted in the decrease of the ratios o f  Cd, 

Zn and SO; to Mn, but in an increase in the Pb/Mn ratio, and (d) 

ratios for material deposited on flat, inert surfaces in the upper 

canopy indicated further dilvtion of the original aerosol with 

crustally derived material with ‘lower trace element and h’gher Mn 

concentrations, resulting in e!ement/Mn ratios on the same order as 

those of soils. 

The concentrations o f  Cd, Pb, Zn, and S O i  in incident 

precipitation were correlated with air concentrations o f  particles in 

several size classs. Inter-element correlations in incident 
+ 

precipitation %np’licated a possible common source of S O i  and H , 
I 
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such as scavenging of acid suTfate aerosols. A large correlation 

coefficient between Mn and SO: concentrations in rain may be 

related to the ability of Mn to catalyze the oxidation of SO2 in 

rainwater. 

results in deposition velocities (V,) for  the available element 

fraction to individual upper canopy elements. 

Expressing deposition rates relative t o  air concentrations 

The mean vd values 

ref 1 ec ted the 

indicated the 

underestimate 

so; = 0.1). 

general particle size distribution o f  each element and 

generally used value of Vd = 0.1 cm/sec may be an 

(Cd = 0.4, cs-l, lrln = 6, Pb = 0.1, Zn = 0.4, 
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CHAPTER VI1 

SUM!YARY: TROCESSES AND RATES OF MASS TRANSFER 
FROM ?HE ATMOSPHERE TO THE GROUND 

Total Atmospheric Input t o  Walker Branch Watershed 

Methods for Calculating Deposition t3  the Landscape 

Integrating the results of tbe experiments, observations, and 

calculations presented ii7 the previous chapters allows estimation of 

the total atmospheric flux t o  the upper canopy and t o  the watershed as 

a whole for several time periods. 

made for  four of the intensive, s h o t t  tem experimental periods d u r i n g  

the 1977 growing season. These values can then be applied t o  the ful l  

1977 growing season and finally used t o  estimate the annual ztmospheric 

deposition frjr a typical year. 

The most accurate estimates can be 

Calculation o f  the total wetfall - input  t o  the watershed dur ing  the 

short term, intensive, sampling periods is a straightforward task since 

a l l  storms which occurred were sampled: 

N 
i n p u t  = c ( C * V )  , 

i =1 

where N = number o f  events per sampling interval, C = concentration i n  

incfdent precipitation, and V = volumz o f  rainfall recorded. However, 

fo r  longer time j x r i o d s  dut-ing which a l l  events could not  be sampled 5t 
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is necessary to utilize weighted m e a  concentrations to estimate the 

total input in rain. Precipitation volume weighted me&ns are 

calculated as the total itiass of an element deposited in rain (or 

throughfall 1 divided bj the total volume of precipitation comprising 
the samples: 

volume wcSghted mean = 

An arithmetic mean o f  coacentrztions for individual rain events would 

be expected to be higher than a rainfall weighted mean of the same 

concentrations because the arithmetic mean gives equal weight to all 

samples, and the evenis of lower voiume are characterized by generally 

higher concentrations. 

representation of the mean concentration in rain accumulated over a 

Fowever, the volume weighted mean is a better 

period of time and is thus the best estSmate to use for prediction of 

seasofial or annual wetfall input (Likens et al., 1967). Total input is 

the product of the weighted mean concentration for all events sampled 

during any given period and the total  precipitation volume recorded 

during the period. This method assunies that the precipitatioq events 

which were sampled were representative of those which occurred during 

the period o f  interest. 

Chapter V. 

_- 

This point was considered in detail in 

Weighted mean concentrations were calculated for incident 

precipitation and throughfaT1 for the 1977 growing season 

(4/1/77-10/24/77), 1977 as a whole, and combined 1976-11977, and are 

sumiarized in Table 49. Comparing these values with the arfthmetic 

means in Tables 26 and 27 in Chapter V illustrates the effects of rain 
I 
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Table 49. Rain volume weighted mean concentrations o f  t race  consti tuents,  sul- 
f a t e ,  and hydrogen ion i n  incident precipitation and throughfall 

Weighted mean concentration 
Cd Mn Pb Zn so; H+ 

Time period (P9/2> (ms/a) (wq/a)  

INCIDENT PRECIPITATION 

1976-1 977’ 0.28 1.95 5.23 5.19 2.9 66 

1977 growing season‘ 0.22 2.87 5.53 5.77 3.1 67 
1977’ 0.30 2.79 5.15 5.35 2.8 54 

THROUGHFALL 
,/ 

1976-1977 0.83 96.6 7.39 11.2 6.6 53 
1977 0.83 108 7.43 11.1 6.8 40 

1977 growing season 0.82 122 8.27 11.5 , 8.0 59 

’Total precipitation volume = 263.2 cm 

bTotal precipitation volume = 142.4 cm 

‘Total .precipitation volume = 90.8 cm (4/1-10/25/77) 
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volume weighting. 

are decreased by 6s much as 50% when weighted by volume. These 

differences w e  primarily a reflectfor, of the inverse relationship 

between the concefitration of an element in precipitation and the 

rainfall volume as discussed in Chapter V. 

The near! concentrations in both rain and throughfall 

The calculation of dry deposition to individual elements in the 

upper canopy for relatively short time periods was discussed in 

Chapter I\, 

difficult task invclvirtg several assumptions concerning the scavenging 

The extrapolation of this data in both space and time is a 

efficiency of leaves throughout the canopy relative to upper canopy 

elements and the variabflity o f  this efficierrcy during the seasonal 

cycles of canopy growth and defciiation in addition to periods of 

maximum and minimum canopy density. 

dry deposition were discussed in Chapter IV and have been recently 

Many of the problems i n  measuring 

reviewed by Galloway and Parker (1978). However, the specific problem 

at hand has apparently not previously been considered in detail. 

conclusion results from a -reading of several recent reviews on 

This 
/ _- 

atmospheric deposition [Engelmann and Sehmel, 1976; Chamberlain, 1975; 

Hosker and Lindberg, 1978) as well as from personal comnunicdtions with 

several individuals who have published in this field (e.g., Hict:s, 

1476; Hosker, 1973; Mwphy, 1,976) 
. The process of 'dry deposition to a forest canopy is generally 

considered to encompass several regimes: 

canopy, (2) the canopy-atmosphere interface, and (3) the individual 

leaf-air interfaces (Droppc! and Hales, 1976) 

(1) the atmosphere above the 

Interactions between an 

air parcel and the receptor can be considered in the context o f  the 
I 
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comnon resistance model analog (Thorn, 1975). 

regime represent focal p o i n t s  of the dynamic interaction between 

The resistances of each 

suspended particles and various surfaces. 

atmosphere and canopy is, then, the sum of the resistances of the 

The to ta l  resistance of the 

individual regimes. The deposition velocity, discussed ear l ier ,  is 

equal t o  the reciprocal o f  the total  canopy mass transfer resistance of 

the electrical  analog. 

windspeed and turbulence i n  t u r n  effects processes i n  the first two 

regimes. The resistance t o  mass transfer above the canopy is 

necessarily the upper limit t o  the total  mass transfer since particles 

cannot be scavenged w i t h i n  the canopy faster  t h a n  they can be delivered 

The effect  of the canopy on the profile of 

t o  the top o f  the canopy. However, once transported t o  t h i s  po in t ,  

within-canopy processes dominate. / 

The point i n  the canopy a t  which the mean wind speed approaches - 
zero or the wind speed profile approaches a vertical line is termed the 

zero plane displacement height. The displacement height is used t o  

define the boundary between the f i rs t  two regimes of resistance. 

he igh t  can be approximated by the point of canopy closure (G 75% of the 

total  canopy height). 

t o  experience l i t t l e  resistance of regime 2 and the deposition is 

controlled by regime 1 and 3 processes. 

expected t o  increase progressively from the t o p  to the bottom of the 

canopy. T h i s  resistance is particularly large (and hency deposition 

velocity is low) i n  the lower canopy of a forest dur ing  maximum canopy 

development. 

ra te  i n  regime 3. 

T h i s  

Most of the foliage above this layer is assumed 

The resistance of regime 2 i s  

The available plant surface area effects the deposit ion 

For many canopies, the deposition rate  (and hence 
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total  depositioii) increases as the leaf surface area per u n i t  

horizontal zrea (termed the leaf area Sndex = LAI) fncreases. However, 

there i s  a aoint where this effect reaches an upper limit and increases 

i n  leaf area do not signif-icantly increase deposition rate,  presumably 

due t o  pGor partic’!e dispersion i n  very dense canopies. Apparently 

low, dense canopies such as grass experience deeper penetration than 

higher, less dense covers smh as forests. Thus,  on higher canopies 

most of the depositicn occurs i n  the upper layers. 

higher canopies is considerably greater than on low, dense canopies, 

Total f l u x  t o  these 

however, because of higher above ground t c  grourld surface area r t t i o s .  

The relationship between depositr’on rates t o  individual surfaces 

i n  the upper canopy acd depositjon rates t o  the f u l l  canopy are 

obviously complex. The deposi tioti rate t o  S n d i v i d u a l  upper canopy 

elements on a surface area basis may be higher or lower relative t o  the 

deposition rate to bare ground. 

surface area of a leaf, the total  deposition i n  a p l a n t  canopy is 

generally greater than on -&<her surfaces because of the h i g h  

above-ground surface area t o  ground surface area ra t io  (MI). 

relationship between deposition rate t o  individual leaves of the t u l i p  

Despite h i g h  resistances per u n i t  

The 

poplar (Liriodendron _I_- tul ipifera)  and groups or assemblages of leaves 

was studied under controlled conditions i n  a wind tunnel by Wedding e t  

al. (19751, The results indicated that the depositicn rate per u n i t  

leaf area f o r  the assemblages was essentially identical t o  that  o f  the 

single trail’ng leades. 

the total  leef area. 

density d i d  not rest;It l’n the Expected decrease in deposition rates due 

Hence, deposition rate was linearly reiated to  

The authors coricluded t h a t  increasing the leaf 

I 
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t o  decreases i n  the effective flow area between leaves. These results 

simplify the task at hand considerably. If these observations can be 

taken t o  approximate conditions i n  the f ie ld ,  the dry deposition rate  

to the f u l l  canopy can be assumed to  be linearly related t o  the LAI. 

The effect o f  increasing the surface area can be considered i n  terms o f  

the resistance analog as the adding of resist ive elements i n  parallel 

resulting i n  the total  surface resistance per u n i t  area of ground. 

This approach was recently uti l ized by Murphy (1976) i n  the application 

of the resistance analog t o  the estimation o f  dry deposition rates of 

SO2 t o  forested landscapes. 

resistance due t o  the presence of a fully developed canopy could be 

The author assumed the decrease i n  

approximated as the addition of more elements i n  parallel. The 

reduction factor was taken to  be the LAI. However, as discussed, 

ear l ier ,  and as acknowledged by the author, leaf surfaces deep w i t h i n  

the canopy may not be as eff ic ient  i n  the deposition process. 

the simple reduction of surface resistance i n  inverse proportion to  the 

- 
Thus,  

LA1 (and hence the increase i n  the deposition velocity i n  direct 

proportion t o  the LAI) must be considered as an upper limit estimate i n  

the conversion of single surface deposition rates t o  canopy wide 

deposition rates. Discussions w i t h  the individuals working i n  this 

f ie ld  cited above indicated a general concurrence w i t h  this assumption. 

The method chosen for estimation of landscape deposition from 

measurements o f  upper-canopy-surface deposition rates re l ies  on these 

assumptions b u t ,  also, is designed t o  improve the estimation through 

consideration o f  the temporal changes i n  canopy density. 

based on the statements presented i n  Droppo (1976), the linear increase 

In addition, 
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in deposition with leaf area will be assumed to apply only to the 

vegetation above the zero displacement plane, which will be 

approximated by the point of canopy closure of the deciduous forest. 

Thus, the developed canopy will be considered in two layers, above and 

below canopy closure, which include Q 75% and Q 25% respectively of the 

vegetative surfaces (S. McLaughlin, personal communication). The 

effectiveness of the lower layer will be related to that of the upper 

layer in the same proportion as the dry deposition rate of Pb measured 

to upper and lower canopy deposition plates during experimental period 

W1. This data, previously presented in Table 16 (Chapter IV), was 

chosen for two reasons: 

least influence of internally recycled material relative t0 

(1) the element Pb apparently experiences the 

atmospherically derived material, and (2) the period W1 was 

characterized by no measurable precipitation during the experiment. 

This lower canopy to upper canopy layer efficiency ratio is 0.89. 

These efficiencies are then integrated over the time scale of interest 

using the temporal variation in LA1 given in Huff et al. (1977) for the 

development of the canopy in a tulip poplar stand in eastern Tennessee. 

This data indicated a maximum LA1 of Q 6  from 6/1-9/20 with a nearly 
, 

li,iear increase from 4/1 (budbreak) to 6/1 and a nearly linear decrease 

from 9/20-10/25 (leaf fall), The leafless canopy will be assumed to 

increase the deposition flux to the ground by an additional 80% 

relative to the unit surface deposition flux. This value is taken from 

the branch area index given in Yoda et al. (1965). 
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The Relative Contribution of Wet arid Dry Deposition - 
E e r  Long and Short Time Intervals - 

Tho application cf these methods t o  the estimation o f  long term 

dry deposition t o  HBW, as well as the measured short term dry 

deposition dur ing  several experimental periods are sumarized i n  

Table 50, The dry deposition rates used t o  estimate long term 

deposition were thc mean values measurea' t o  f l a t ,  inert surfaces during 

periods WO, W1: W2, Y3, and W6 as previously sumnarized i n  Table 19, 

Chapter IV, Also included i n  Table 50 are the calculations o f  t o t a l  

wet deposition for each o f  the periods o f  interest, and the t o t a l  

atmospheric deposition (wet p lus  dry). As expected from the earlier 

discussions o f  temporal variations i n  precipitation concentrations and 

dry deposition rates, the atnospheric irrpgt is quite variable frorr~ week 

t o  week. None c;f the short torn experimental periods stind o u t  as 

contributing an unusually large fraction of the t o t a l  depclsiticn t o  the 

watershed relative t o  the fu l l  growing season, however. 

The relative proportion o f  the to t a l  deposition attributed t o  dry 

processes, which have been largely ignored i n  field studies u n t i l  quite 

recently, also varied considerably during the shorter experimmtal 

periods. The fraction of the t o t a l  atmospheric inpu t  due t o  dry 

deposition processes, is presented i n  Table 51. The atmospheric i n p u t  

during the dry periods W1-W3 and b!6 was dominated by dry deposition i n  

most cases. Only dur ing  period W3 was the wetfall process of greater 

relative importance, and only for Cd and SO;-S. However, over 

longer time scales wet deposition dominates the t o t a l  atnospheriL i n p u t  

of Cd, Zn, and SCZ-S .  S t i l l ,  dur ing  the growing season and on an 
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Table 50. Total wet and dry deposition o f  the available fraction o f  several elements 
t o  Walker Branch Watershed measured d u r i n g  short-term experimental periods 
and estimated fo r  seasonal and annual periodsa 

-- 

Atmospheric depclsi tion 
Depos 5 ti on - Cd Mn Pb Zn so;-s H* 

process (9/ha) (kg/ha) (eq/ha) 

Wet 
Dry 

Total 

Wet 
Dry 

Total 

Wet 
Dry 

Total 

0 
0.008 , 

0.008 

0.005 
0.023 
0.028 

0.014 
0.003 
0.017 

PERIOD W 1  (5/9-5/16/77) (6.9 DAYS) 

0 0 0 0 
3.1 0.81 6.44 0.063 
3.1 6.81 0.44 0.063 

PERIOD W2 (5/16-5/20/77) (4.2 DAYS) 

0.31 0,040 0,040 0.070 
3.7 2.0 0.29 0.16 
4.0 2.0 0,33 0.23 

PERIOD W3 (5/30-6/6/77) (7.0 DAYS] 

0.36 0.23 0.057 0,09 
19 1.2 0.31 0.08 
19.4 1 .4 0.37 0.17 

PERIOD W6 (7/12-7/18/77) (6.0 DAYS) 

0 
I -  -- 

3.8 -- 
I a- 

Wet 0.003 0.076 0.042 0,062 0.04 2.2 
Dry -I.I 0.006 7.0 2.0 0.28 O,f6 

0.20 -.* Total 0.009 7.1 2.0 0.34 

Wet 
Dry 

Tota 1 

2.0 
0.69 
2.7 

PERIOD * GROWING SEASON (4/1-10/25/77) (207 DAYS) 
, 

/ 

-26 50 52 9.4 610 
240 62 13 
270 110 65 14 

PERIOD 2 1977 (CALENDAR YEAR) 

..* 
U&+ 

4.7 

Wet 4.3 40 73 76 13 770 
Dry 6'3 

*I 

0.89 31 0 80 17 
Total 5.2 350 150 93 19 

aDeposition is expressed as to ta l  i n p u t  on an areal basis dur ing  a given time 
period. 
(time interval) .  

These values are calculated as: (measured dry deposition rate) 6 

As such,  these values are not normalized t o  a u n i t  time interval. 
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Table 51. Relative contribution of input by dry processes t o  the tota l  atmos- 
pheric deposition i n  Walker Eranch Watershed 

Periad 
Dry t a  to ta l  deposition r a t i o  (X100 = %)  

Cd Mn 2b Zn so;-s 

W1(5/9-5/16/77) 100 1 GO 100 100 100 

W2 ( 5/ 16- 5/ 20/?7) 82 93 %loo 88 70 

W3( 3/30-6/6/77) 18 98 86 84 47 

W6 ( 7/12- 7/18/77 ) 67 99 %loo 82 a3 

1977 growing seasor: 26 89 56 20 34 

1977-annual 17 89 53 18 33 

f /  

I 
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annual scale, the dry deposition process constitutes a significant 

fraction of the total atmospheric input of Cd and Zn ('L 20%), 

increasing in relative importance for SO: ('L 35%), Pb (IL 55%), and 

Mn (" 9a). 

Annual atmospheric deposition rates o f  the available element 

fraction to WBW are compared with values reported in the literature for 

several locations in Table 52. 

keep in mind possible biases due to differences in sampling strategies 

(bulk precipitation collection, use of wet/dry collectors to measure 

each component separately, use of various types of dryfall samplers, 

and calculation o f  one input term from theoretical considerations, and 

consideration of various element fractions). 

the data are still useful for comparison in a relative sense. 

the case for similar comparisons o f  aerosol concentrations and dry 

deposition rates, these data indicate that the values estimated for WBW 

are comparable to those reported for remote and rural locations. 

In comparing the.se values, one should 

Despite these 7 imitations 

As was 

- 

The Role of Atmospheric Deposition in Air Pollution 
Effects on Plants and on Element Cycling 

It is apparent that atmospheric input to the forested landscape 

resulting from the various mechanisms involved in the dry deposition 

process cannot be neglected in studies of the role of the atmosphere i n  

geochemical cycling or in research on the effects of atmospheric 

constituents on plants. This process is particularly important in 

element cycling if the constituent of interest is delivered to the 

canopy in a relatively mobile form. 

Chapters III.and IV indicate this to be the case for a significant 

The results discussed in 
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Table 52. Total  atmsspheric deposi t ion measured a t  d iverse locat ions 

Location 

Total  deposi t l o n  (g/ha-yr) 
41 rshed 

iYPe Cd Mlc Pb Zn so;-s 

Ensenada, Mex.‘ 
b U. K. 

Costa R i m C  
Cascade Mtns, M,ic 

b U. K. 
Hubbard Brookt NHd 
Coweeta, N C ~  
Centra Alberta, 

Mt.  Moosilauke, NHg 
Skinface pond, GA 
U. K. 
Shid le r  pond, INi 
WBW( 1973-1976)’ 

LaJolla. CAa 
b U. K. 

Gary, IN 

Canada r 
h 

b 

WWk 

i 

;*emote c o a s t i l  
r e m t e  coastal 
reillote coastal 
r e m t e  ccn t inenta l  
remote cont inental  
remote cor l t i  centa 1 
remote cont inental  

remote cont inental  
rercote cont inetnal  
r u r a l  
r u r a l  
r u r a l  
rural-suburban 
ru ra l - sc tc r tan  
sirhucbm coas cal 
i q d u s t r i a l  
i n d u s t r i a l  

9 
7.2 
<20 

3 

5.2 
1.4 
:43 
15 

350 
100 

<;oo 

170 
160 

-- 
20 

260 
150 

aa 

150 
500 
270 

1400 

150 
52C -- 
-- 
360 

93 
250 

1200 

-- 
-- 

J 
12.5 X103 

4.1 X10 
-- 

5 
18.8 x io5 
11.9 x10 

18.6 X10 
5 

-- 
18.1 x103 3 

19 x10 -- 

aiodge e t  a l ,  1978 (dry measured, wet calculated). 

bCawse, 1974 (wet/dry co l lec to rs  used). 

‘Johnson e t  a:, I975 (bulk p rec ip i t a t i on ) .  

dLikens, 1977 (bulk p rec ip i ta t ion) .  

eSrrank and Douglas, 1377 (bulk p rec ip i ta t ion) .  

fCaiazza e t  a l ,  1978 (wet/dry co l l ec to rs  used). 

gSchlesinger e t  a l ,  1974 (bulk p rec ip i t r t i on ) .  

%einer, 1978 (bulk p rec ip i ta t ion) .  

‘Peyton e t  a l ,  !976 [bulk precipftatioi:). 

h h r i n e r  and Henderson, I978 (wet/dry co l l ec to rs  used) 

‘This study. 
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fraction of the particle associated Cd, Pb, Mn, and SO;. 

occurrence of these elements i n  an available form also enhances the 

The 

potential for p l a n t  effects. 

Dry deposition of particles is not generally considered t o  be an 

episodic event, such as the sudden inundat ion  of the leaf surface by 

precipitation, b u t  rather t o  represent a process characterized by the 

chronic, cumulative exposure of the vegetation t o  atmospheric 

constituents. However, certain conditions can combine t o  create an 

unusually harsh exposure of the vegetation t o  potentially toxic 

material. The elemental deposition rates dur ing  precipitation events 

of short dura t ion ,  low r a i n f a l l  volume, and hence generally h i g h  

concentrations are considerably higher than any of the measured dry 

deposition rates when expressed on a comparable u n i t  time basis. 

possible importance of such events is illustrated by the comparison of 

the wet and dry deposition rates for several experimental periods i n  

The 

Table 53. 

total areal wetfall i n p u t  divided _r by the duration o f  the precipitation 

event. 

during periods 612, W3 and W6 were relatively short (0,2 t o  0.5 h r )  the 

The episodic wet deposition rates were calculated as the 

Although the duration of the single events which occurred 

wet deposition rate dur ing  the events were Q, 2 t o  3 orders of magnitude 

greater t h a n  the dry deposition rates (when expressed on a u n i t  time 

basis). 

From the standpoint of the in i t ia l  bioreceptor, the upper canopy 

foliage, this intense, episodic f l u x  of potentially toxic material can 

play an important role i n  physiological effects. 

calculations can be presented t o  further i l lustrate this poin t .  

Two interesting 
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Table 53. Comparison of wet and dry deposition rates on a u n i t  time basis. Wet 
deposi t ion ra tes  are  normalized to  the duration o f  each storm event. 

2 Deposition Deposi ti on r a t e  (pg/m h r )  
Period type Cd Mn Pb Zn so,-s 

w2 Wet 
Dry 

w3 Wet 
Dry 

W6 - Wet 
Dry 

2.7 190 24 23 42,000 
0.01 1.2 0.62 0.10 50 

2.7 72 45 11 ’ 17,000 
0.0003 1.9 0.12 0.03 10 

46 25 37 23,000 3.1 
0.001 0.9 0.24 0.03 17 

Mean Wet/dry r a t io  4100 80 170 61 0 1300 
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Precipitation events of short duration, low volume, and high elemental 

concentrations are comnon during the growing season. 

these events follcw relatively long (5 to 10 days) dry periods 

characterized by frequent air stagnation conditions and, hence, h*igh 

air concentrations and dry deposition rates (see Chapters 111 and IV). 

When the subsequent precipitation event i s  very small in volume (on the 

order o f  0.5 to 1.5 m, not uticomor! during the sumner) much of the 

initial precipitation -remains on the leaf surface, not being washed off 

or diluted by subsequent rainfall. The potential for physiological 

In many cases 

effects i s  enhanced wtren this solution of initially high concentration 

comes into contact with relatively high surface concentrations of dry 

deposited material + The h i s h  ccccentrations which develop uirder these 

conditions are further enhanced during the evaporation of droplets on 

the leaf surface. The event which occurred during period W2 provides 

an example o f  this phenomenon. Usirg the dry deposition rate of the 

water soluble fraction of elements to the flat, inert surface i t  i s  

possible to calculate the approximate surface area concentration cf dry 

deposited material or  the leaf prior to the precipitation event, and 

given a typical leaf of 50 cm , the total water soluble quantity of 
an element on the leaf surface. These values are sumnarized in Table 54 

along with calculations o f  the total quantity of wet deposited 

2 

material, dissolved concentrations in water droplets on the leaf 

surface, and total deposition to the leaf expressed relative to the 

leaf internal content. 
2 P precipitatjan volume of 1.3 mn falling on a 53 cm leaf would 

deposit 'L 6 ml of water. kssuning this volume to be initially retained 



Table 54. Potentia? concentrations of several elements in solution on a typical upper canopy chestnut oak leaf 
surface (50 c d )  following a brief sumner shower. The event of 5/18/78 (0.13 cm) is used as an example. 

Water Soluble Constituents 
Parameter Units Cd Mn Pb Zn so; H+ 

Surface area concentration 
of dry deposited, water soluble 
material 

Mass of dry deposited, water 
soluble material 

Concentration of soluble fraction 
dissolved by precipitation 

Concentration of elements i n  
incident precipitation 

Estimated to ta l  concentration i n  
solution on the leaf surface 

Potential concentration -following 
evaporation 

Total mass of elements i n  solution 
on the leaf surface 

Total quantity of elements bound 
w i t h i n  the leaf 

Total quantity of available 
fraction of elements delivered to  
the leaf surface during the 
growing season 

Ratio of soluble element deposi- 
t ion during W2 to  total  leaf 
content 

Ratio of available element 
deposition during the growing 
season to to ta l  leaf content 

0.1 

5 

1 

0.35 

1.3 

0.1 

0.007 

0.065 

1.1 

0.11 

17 

14 

700 

100 

24 

130 

10 

0.8 

1 30 

35 

0.01 

0.3 

2.6 

100 

20 

3.1 

23 

2 

0.75 

0.22 

30 

0.68 

140 

1.2 

60 

9 

2.9 

12 

1 

0.08 

7.0 

30 

0.01 

4.3 

3600 

200x 10 

3Ox1o3 

16X103 

4 6 x 1 0 ~  

%lo3 

300 
,/ 

6000 

5000 

0.05 

0.8 

'NM = not measured. --- = not estimated. 
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oil the leaf surface will result i n  a concentration of water soluble 

matwial which can be easily calculateo. 

will add t o  the already h i g h  concentration o f  elements i n  the incident 

precipitation. 

exposed, a l though briefly, t o  extremely h i g h  concentrations of soluble 

material (brief Summer snowers ofteri occur i n  mid t o  la te  afternoon and 

The resulting concentration 

As this soluticn begins t o  evaporate the leaf is 

are followed by clearing skies, restilting i n  several hours of solar 

radiation t o  enhance -evaporationj. 

t o  0.6 m l  results i n  concentrations of dissolved constituents several 

hundreds t o  several thousdnds  times higher  than typical rain 

concentrations (Table 54, compare w i t h  TabIe 26, Chapter V ) .  

Evaporation of the surface moisture 

The physiological effects of surface deposited metals on 

vegetation either ir. particulate or dissolved form are very poorly 

understood, - w i t h  several conflicting reports on toxicity i n  the 

l i terature  (as reviewed by Krause and Kaiser, 1977; and Zimdahl, 

19?6). 

has been shown t o  result  i n  adverse effects i n  several plant species 

exposed t o  simulated acid rain (Shriner, 1976). 

However, the estimated pH of this leaf-surface solutiori (< 2) 

There'are, o f  course, many assumptions involved i n  these 

calculations; however, they result  i n  both over- and ur,derestimates of 

concentrations. For example, the rainfall  volume of 1.3 mn may rapidly 

r u n  off the leaf removing a considerablz quantity of dissolved 

material. 

considerable quantity o f  rain can be retained by leaves situatec' i n  

However, perscjnal observations i n  the f ie ld  indicated t h a t  a 

nearly horizontdl positioris and under calm corlditiors. 

calculations also assme a uniform surface concentration of dry 

The 
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deposited material which is a poor assumption as indicated in 

Chapter VI. Thus, at isolated points on the leaf surface where 

deposited material accumulates, episodic concentrations could be 

considerably higher than those estimated here. The'calculations also 

assume no neutralizing capacity o f  the surface deposited particles or 

the leaf itself for H'. 

apparently can (and did, during W2) occur under some circumstances as 

indicated by comparable or even lower pH levels in throughfall beneath 

the developed canopy. 

As discussed in Chapter V such a situation 

Table 54 also summarizes estimates of the magnitude of the 

deposition inputs during one event and over the growing season relative 

to the total leaf internal burden of each element. Elemental content 

was analyzed for several prewashed chestnut oak leaves following wet 

digestion as described in Chapter I V .  These values thus approximate 

the total internal metal content of typical leaves. The quantity of 
- 

estimated to be in solution on the leaf surface following the rain 

event of 5/18/77 was within a factor of 0.7 o f  the total Pb content of 

the leaf. 

SO: relative to the internal leaf content were deposited during 

this event. 

Lesser, but stili significant quantities of soluble Cd and 

During the full growing season the leaf surface was 

exposed to 1 to 2 orders of magnitude more available Cd and Pb and 

nearly equal amounts of available Zn and SO; relative to the total 

contained within the leaf. The importance o f  atmospheric deposition in 

the cycling of these elements in the landscape is apparent. 

Integrating the above calculations o f  annual wet and dry 

deposition to the watershed with, (1) the earlier discussions of 
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seasonal variations i n  precipitation chemistry above and below the 

canopy, ( 2 )  the estimated cmtribution of i n -  and Selow-cloud 

scavenging t o  wetfall i n p u t s ,  and (3) published information on seasonal 

variations i n  leaf and branch area icrlices and leaffal l ,  provides the 

necessary data  w i t h  :.rhic:i to calculate the relative contribution o f  

several mechanism t o  the to ta l  element f l u x  from the atmosphere t o  the 

forest  canopy and t o  the forest  f loor.  

rates between several elemont cycling components were determined for a 

The d i s t r i b u t i o n  and transfer 

typical year us ing  the precipitation chemistry and hydrologic data for 

1977 (Chapter V; J. Jones dnd 0. Huff, u!ipublished data), personal 

observations o f  the dates c;f budbreak (4/1) and leaffal l  (10/25) for 

the chestnut oak, and the leaffal l  biomass aata for oak-hickory stands 

i n  WBW (Grizzard e t  a l . ,  i976). Sinco the below canopy precipitation 

data (throughfall) was collecter; primarily beneath chestnut oaks, the 

leaf internal concentrations measured fe r  chestnut oaks, and the 

leaffal l  biomass data determfned beneath oak-hicko;y s tands,  the 

- 

resulting inpirt  values should  be operationally defined as 

representative of a chestnut oak stand dur ing  a typical year. 
. /.- 

These calculations are presented i n  Table 55 in terms of mass 

transfer rates between compar.tments and attributed t o  various 

mechanisms. The dry depositian component has been separdted in to  three 

components ( f l u x  t o  the leafy canopyr t o  branches, and t a  the 

l i t ter-soi l  surface) based on the assunptions discussed ear l ier  

regarding the temporal variations i n  leaf area fndex and the influence 

o f  branches on t i le  dry deposition f l u x  t o  the ful l  canopy relative t o  

the ground. The breakdcrwn largely reflects the duration o f  the fu l ly  

I 
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Table 55. Amual atmospheric arid i n te rns1  f luxes  o f  the ava i l 3b le  f r a c t i o n  o f  t race  elements and sul fate- 
s u l f u r  i n  t chestnut oak stand. 

ikchanis;? cr 
Pathway 

To ta l  wet depcs i t ion  above canopy 

In-cloud scavenging component 

Below-cloud scavenging component 

To ta l  d ry  depos i t ion  

Dry depos i t ion  t o  :e3fy canopy 

Dry depos i t ion  t o  branchEsa 

Dry depos i t ion  t o  f c r e s t  f l o w a  
b Throughfal l  depos i t ion  t o  f o r c s t  f l o o r  

Net removal from cancpy' 

Canopy Leaching 

Leaffa1 le 

Tota l  f l u x  t o  f o r e s t  f l o o r  

I n t e r n a l  f l u x  t:, f o r e s t  f l o o r g  

d 

- 

f 

Atmospheric f l u x  u l t i m a t e l y  reaching 
the  f o r e s t  f l o o r h  

4.3 

2.5 

1.8 

0.c9 

0.68 

c.09 

0.12 

12 

7.7 

6.9 

0.4 

23 

7.3 

5.2 

4G 

28 

12 

310 

240 

31 

39 

1540 

1500 

1230 

910 

2490 

_- 

21 40 

350 

73 

65 

8 

80 

62 

8 

10 

110 

37 

(-33) 

1.6 

120 

(-31 1 
150 

76 

- 
- 
17 

13 

1.7 

2.3 

160 

84 // 

69 

35 

21 0 

12@ 

93 

13 

12 

0.91 

6.3 

4.8 

0.63 

0.87 

32 

19 

11 

15 

4a 

29 

19 

'Calculated as depos i t ion  occur r ing  dur ing the  dormant season. 

bTotal wet f l u x  beneath the  canopy, excluding stem f low. 

'(Through Fa1 1 deposi t ion) - (:otal w e t f a l l  deposition), 

d(Net remova;) - (dry  depos i t ion  t o  canopy and branches), 

eFlux o f  the  t o t a l  element f r a c t i o n  bound in te rna l l y .  

f (Throughfal l  f l u x )  + ( l e a f f a l l )  + (d ry  deposi t ion t o  f o r e s t  f l o o r ) .  

g(Leaffal1) + (canopy leacti ing). 

h(Total wet deposi t ion) + ( t o t a l  d r y  deposi t ion).  
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developed canopy, w i t h  deposition t o  the ground and bare soil assumed 

to  be of primary importance only dur ing  the dormant season. 

Throughfall deposition was calculated from the weighted mean 

concentration of precipitation collected beneath the chestnut oak 

canopy and t h u s  represents the total  wetfall flux t o  the forest  f loo r  

including incident precipitation, leaf surface wash o f f ,  and fo l i a r  

leaching. Net removal is the difference between the wet deposition 

flux above and beneath t h e  canopy, representing the canopy 

contribution, T h i s  term has been used i n  previous studies as  an 

estimate of the dry deposition component (McColl and Bush,  1977; Mayer 

and Ulrich, f974), the f o l i a r  leaching component (Raybould e t  al.,  

1977), and as an estimate of b o t h  (Nihlgard, 1970; Eaton e t  al.,  1973), 

depending on the element of interest. Foliar (canopy) leaching i s  the 

difference between the annual net removal from the canopy and the dry 

deposition to the surface of the leaves and branches. 

difference i s  t h u s  taken as an indication of the f l u x  o f  an element t o  

T h i s  net 

the 

the 

and 

forest  floor due to-internal leaching processes. The total  f l u x  t o  

forest floor includes two components, internally cycled material 

atmospheric deposition. The internally cycled material is 

comprised o f  the fo l fa r  leaching p l u s  leaffall  components ( l i t t e r f a l l  

other than leaves was ignored since it has been reported t o  contribute 

a relatively minor amount to the to ta l  l i t t e r f a l l  on an annual basis; 

Grizzard et a? . ,  1976). 

The relative mass transfer rates calculated from Table 55 are 

sumnarized i n  Figures 56 t o  5%. 

attributed t o  a given deposition mechanism or internal cycling pathway 

In each case the elemental f l u x  
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RELATIVE A SFEW RATES 
OF SO;-S TO THE FOREST FLOOR 

Fig. 5 ~ ,  ,+ma1 mass transfer rates of sulfate expressed as a 
*mxitage o f  the estimated t o t a l  annual f l u x  of the element 
yd t h e  forest f loor  beneath a representative chestnut oak 
$*Ad. 
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has been expressed as the percentage of the total f l u x  t o  the forest 

floor,  The largest fraction of the t o t a l  f l u x  t o  the forest f loor  is 

attributable t o  several different mechanisms depending on the element 

of interest, The rnechanism/pathway of greatest relative importance t o  

the total mass transfer of  Cd and Mn is f o l i a r  leaching. 

expected f o r  Mn as previously discussed i n  Chapters IV and V .  

of the total Mn f l u x ,  86% is estimated t o  be due t o  internal element 

cycling processes, not surpr i s ing  for a micronutrient w i t h  a relatively 

h i g h  mobil i ty  i n  the soil/plant system (Chapter V ) .  

exhibited the second highest th roughfa l l  t o  incident precipitation 

concentration rat io  (Chapter V ) ,  there was l i t t l e  indication from the 

leaf washing experiments t h a t  Cd was a significant internal, leachable 

component. 

fol iar  Cd leaching could occur. .The indication t h a t  the Cd f l u x  t o  the 

forest f loor  is largely related t o  internal processes (58% internal, 

T h i s  was 

In fact ,  

Al though  Cd 

The leaf bagging experiments d id ,  however, suggest tha t  

42% external) is surprising given the absence o f  a physiological 

requirement for Cd by plants. Underestimation of the dry deposition 

rate of Cd to the canopy would result i n  overestimation of the leaching 

component. However, the dry deposition rate of Cd t o  f l a t ,  inert 

surfaces and l i v i n g  leaves were i n  good agreement for the period of 

comparison (WI). Clearly, more extensive investigations of the dry 

deposition rates of Cd over longer time periods will be required t o  

tes t  f o l i a r  leaching hypothesis, 

forest f loor ,  the internal and external sources are of nearly equal 

Relative t o  the t o t a l  Cd f l u x  t o  the 

importance, w i t h  the internal f l u x  contributing c\r 16% more. Since the 

internal f l u x  is composed largely of canopy leachate this implies t h a t  
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Cd must cycle very rapidly through the foliage i n  a readily leachable 

form, very l i t t l e  being bound w i t h i n  the leaf. 

characterized by a relatively h i g h  solubili ty i n  surface water/soil 

systems (Turner et al.,  1977) i t  may cycle passively through the p l a n t  

i n  the translocated water. Th i s  rapid plant cycling could represent a 

mechanism whereby Cd toxicity is avoided. 

Since Cd is 

The situation for  Pb is somewhat d i f f icu l t  t o  interpret. Recall 

from Table 55 that net removal from the canopy was actually less t h a n  

the predicted dry deposition t o  the canopy. T h i s  resulted i n  a 

negative canopy leaching term, suggesting absorption of the dry 

deposited Pb. The relative amount of Pb absorbed was 29% of the 

estimated to ta l  Pb f l u x  t o  the forest floor and represented % 20% o f  

the atmospheric deposition of Pb. As discussed i n  Chapter IV, there 

are several lines of evidence each of which p o i n t  t o  f o l i a r  absorption 

of dry deposited Pb i n  the canopy. 

of leaf f a l l  t o  the Pb f l u x  may indicate translocation o f  Pb from 

leaves to roots. T h i s  has been previously reported by Krause and 

The relatively small contribution 

Kaiser (1977) for plants treated w i t h  f o l i a r  applications o'f Pb sa l t s ,  

i n c l u d i n g  PbO. 

apparent that  the f l u x  of this element through the chestnut oak stand 

i s  the most sensitive t o  external sources, which comprise ~ 9 9 %  of the 

to ta l  Pb f l u x  t o  the forest  f loor ,  The element w i t h  the next most 

important external source is Zn (44% of the mass transfer t o  the forest  

f loor i s  related t o  atmospheric deposition processes). 

total  downward f l u x  of this element is nearly equally divided between 

Regardless of the fa te  of dry deposited Pb, i t  is 

However, the 
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wet deposition (36%), c m p y  leaching (33%), and leaffal; (24%), the' 

dry depositior; process contributing Q 1Od. 

The mass transfer of S, i n  the form of soluble sulfate, i s  also 

nearly equally divided between leaffall (31%), canopy leaching (29%),  

and wet deposition (27%), w i t h  the i n p u t  due t o  dry deposition o f  

aerosol sulfate contributing an additional 13%. The relative 

contribution of internal and exterm: pathways t o  the t o t a l  f l u x  t o  the 

forest floor is also similar t o  Zn, w i t h  the internal processes 

comprising 60% o f  the t o t a l .  

course, missing a very important component, the dry deposition and 

fo l i a r  absorption o f  SOp. The dry deposition experiments were not  

speciffcally desisned t o  fncltido the collection o f  dry deposited 

SO2. Howeverp as disciissed i n  Chapter XV, much of the dry deposition 

of SO2 may occur t o  wat leaf or inert surfaces, fo11owed by ox ida t ion  

t o  SO;. Hence i t  is possible t h a t  a large fraction of tbe 

SO; collected i n  the deposition plates or washed from leaf 

surfaces was due t o  SO2 deposition. The relationship between surface 

wetness atid the deposition rate of SO; discussed i n  Chapter IV 

This mass transfer budget for S i s ,  of 

supports thfs contention. 

through leaf stomates obviously could not have been measured by the 

inert surfaces. 

previously estimated f o r  W&W on an areal basis, usPng a yearly average 

However, direct absorption of SO, gas 
L 

The annual Snpgt  due t o  gaseous uptake has been 

predicted ground level SO2 concentrdtion for this area, and assuming 

leaf uptake for  8 hours/day over a 1 month growing seaon (Shiner and 

Hendzrson, 1977), The resulting value of 25 kg/t.a (as 5) was assumed 

to  represent an upper limit, I f  this value is roughly applicable i t  
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further emphasizes the importance of external sulfur sources to the 

mass transfer to the forest floor. 

Conclusions 

1. Elemental size distribution and concentrations of the 

available fraction (water soluble plus dilute acid leachable) 

o f  aerosol associated elements and the manner in which they 

are influenced by various atmospheric parameters suggest a 

soil dust source for Mn, secondary atmospheric particle and 

combustion sources for Pb and SO;, and both small 

particle combustion and large particle dispersion sources for 

Cd and Zn. 

Trace element enrichment factors, using aluminum as the 

reference element, indicated Pb and Zn in aerosols to occur 

/ 

2. 
- 

in concentrations too high to suggest crustal derivation. 

This was also true for Cd in aerosols collected on the lower 

impactor stages (smaller particles). However, large particle 

Cd, and Mn in all size ranges could have been crustally 

der i ved . 
3. Elemental ratios to Mn, which is soil derived in ambient 

aerosols and behaves as a matrix element during coal 

combustion, indicated the following: (a) ratios of each 

element to Mn increased substantially from precipitator ash 

to stack ash to plume ash collected at a large, modern 

coal-fired power plant, (b) the highest ratios occurred in 
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the smallest particles, and (c) mixing of the plume with the 

background air mass resulted in the decrease of the ratios of 

Cc!, Zn, and SO; tu Mn, but in an it,crease in the Pb/Mn 

ratio. 

Exper ?mental sampling periods characterized by increased 

precipitation volume and duration are also characterized by 

increased ntass median diameters (MMD) of aerosol-associated 

Cd, Pb, Zn, and SO, but decreased MMD of aerosol-associated 

Mn . 

4. 

- 

5. As regional air stagnation increases, the air concentrations 

o f  the available fraction of particulate Cd, Pb, Zn, and 

SO; increase, while the air concer4ration of the 

available f ract ion of particulate Mn decreases. 

6. Substantial amctints ( >  Q 75%) of the available: fraction of 

Mn, Zn, Cd, and Pb in aerosols were soluble in distilled 

water. In addition, sign-Xicant fractions ( >  fb  65%) of the 

total Mn and Cd were. water soluble. However, smaller 

fractions ( < .i; 30%) of the total Pb and Zn in aerosols were 
/ 

water sol uL1 e. 

The solubility and the water soluble to availzble element 7. 

ratio (termed relative solubi?ity) both increased with 

decreasing particle size and with the duration o f  atmospheric 

water vapor saturation during the sampling period. 

8. Ambient aerosols zxhibited considerably higher relative 

so;ubilities thzn aerosols collected in the stack of a 

coal-fired pcwer plant. However, relative solubilities 

I 
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increased during plume aging (measured by plume travel from 

0.25 to 7 km) to levels similar to those measured for ambient 

aerosols. 

importance o f  aerosol hydration in elemental solubility, 

9.  Wind direction exhibited no apparent effects on the MMD of 

aerosol-associated trace metals or sulfate. However, slight 

increases in air concentrations accompanied an increased 

frequency o f  winds from "other than local source" 

directions. 

WBW is generally reflective of regional air transport 

phenomena rather than a direct reflection of local source 

emissions. 

stacks at the two major local coal fired power plants, the 

elemental air concentrations at WBW do not reflect a' 

signficant influence of local coal combustion, being more 

simil ar to concentrations measured at remote and rural 

locations than at urban or industrialized areas. 

The two preceeding observations suggest the 

This suggests that atmospheric chemistry over 

As an apparent result of the utilization o f  tall 

Particle Deposition by Dry Processes 

1. .Two methods for the empirical determination of dry deposition 

rates, flat, inert surfaces situated in the upper canopy, and 

washing of upper canopy leaves, proved amenable to field and 

laboratory studies. 

2. The circumstances of sampling provided one period (7 days) 

for which the dry deposition rate to inert, flat surfaces 

could be compared with that estimated from sequential leaf 
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washing. 

Cd, SO;, Zn ( w i t h i n  

but  poor fo r  Pb (an order of magnitude higher rate measured 

t o  the inert surface). 

deposited Pb could be a factor. 

The agreement i n  deposition rates was very good for  

30%), and Mn ( w i t h i n  a factor of 2)  

Leaf surface absorption of dry 

3. 

4. 

. 

5. 

6.  

Sample t o  sample variabil i ty i n  the surface area 

concentrations of  trace metals and sulfate on leaves was 

similar f o r  samples collected across the watershed (on a 

scale of 100's o f  m) and from the same t ree  (on a scale of 

cm) . 
The leaf leaching experiments revealed several lines of 

evidence that  internal fo l i a r  leaching was a significant 

source for  Mn (particularly d u r i n g  late growing season) and 

SO; (du r ing  ear ly  growing season), a lesser source for  

Cd and Zn ( l a t e  growing season), b u t  an insignificant source 

of Pb. 

The water soluble _- t o  available element ratios (relative 

solubi l i t ies ,  RS) of trace elements associated w i t h  dry 

deposited par t ic les  were lower than similar ratios exhibited 

by suspended particles collected on a total  a i r  f i l t e r .  The 

inverse relationship between aerosol RS and particle size 

suggest the deposited particles to  exhibit a larger particle 

s ize  than the parent suspended particle population. 

Scanning electron and l i g h t  microscopy of bfological and 

inert  deposition surfaces indicated the presence of 

- 

considerable numbers o f  relatively large (> 10 urn) f l y  ash 
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particles as well as dispersed soil fragments, primarily on 

upward facing surf aces, suggesting par t ic le  sedimentation t o  

be a major mechanism of dry deposition t o  these upper canopy 

elements. 

7. Possible sources of large-particle f l y  ash were determined by 

calculating upper level a i r  mass backward trajectories for 

time i nter va 1 s compar ab 1 e t o  1 ar ge-part i cl e tropos pher i c 

residence times. 

two major regional urban centers and f ive major regional 

coal-fired power plants w i t h  sufficiently rapid travel times 

t o  account for the large-particle transport. 

An interesting observation i n  several scanning electron 

These trajectories were f o u n d  t o  traverse 

8 .  

photomicrographs was the association of submicrometer sized 

f l y  ash w i t h  considerably larger (5 to 20 pm) f l y  ash and 

scoriaceous particles and the agglomeration of several 

submicron f l y  ash particles i n t o  large aggregates. The 

removal of these large particles from the atmosphere is 

primarily controlled by sedimentation, which may account for 

the often h i g h  concentrations of small-particle-associated 

‘elements (Pb ,  SO;) i n  dry deposited material. 

9. The dry deposition rates of Cd, Pb, Zn, and SO; t o  the 

upper canopy were correlated w i t h  a i r  stagnation frequency, 

to ta l  a i r  concentrations of each element, and the frequency 

o f  winds from directions other than those influenced by local 

sources. Thus,  dry deposition, as well as a i r  

concentrations, is not detectably enhanced by local emissions. 
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10. The relative order of the mean dry deposition rates 

calewlated for 5 experimental periods was comparable to the 

order of atmospheric concentrations, as follows (in pg/m 

day):SO; (1500 2 600) > Mn (25 2 6) > Pb (6.5 k 2.2) 

2 

> zrt (1.4 2 0.3) > Cd (0.072 2 0.034). 

Expressing deposition rates relative to air concentrations 

results in deposition velocities (vd) for the available 

element fraction to individual upper canopy elements. 

mean vd values reflected the general particle size 

distribution o f  each element and indicated the generally used 

value of vd = 0.1 cs-l may be an underestimate (Cd = 0.4, 

css-', Mn = 6, Pb = 0.1, Zn = 0.4, SO; = 0.1). 

11. 

The 

Chemistry o f  Precipitation Collected Above and 
Beneath the Forest Canopy 

1. The distributian of Cd, Mn, Pb, Zn, and SO; 

concentrations in incident precipitation and Cd, Pb, Zn, and 

SO: t'n throughfall *do not depart significantly from log 

normality. 

and throughfall do not depart significantly from normality. 

Nonparametric statistical analysis of the multisite 

The distributions o f  H' concentrations in rain 
.. 

2. 

precfpitation/t;hroughfall data indicated that only one 

element, Mn, exhibited significant inter-site differences in 

concentration in both incident precipitation and 

thmwghfall. The significant internal foliage source of Mn 

undoubtedly accounted for the difference between throughfall 
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sites,  w i t h  concentrations a t  one s i te  beneath a single 

fiat-ure chestnut oak consistently higher t h a n  at  a l l  other 

si tes . 
At?a?ysis o f  variance and cctvariatice procedures were applied 

t o  3 i c  data  t o  reveal seasonal effects on chemistry of r a i n  

above and helow the canopy. (Cor elements exhibiting 

significant seasonal effects, the maximum concentrations of 

Pb, SO;, and f l  i n  ra in  occurred dur ing  the summer 

while the peak for Zn occurred i n  t h , ?  f a l l .  

the highest concentrations o f  Pb and SO; occurred dur ing  

summer, Zn d u r i n g  fall, and H Curing winter when f o l i a r  

interwption of rain is a t  a m f n i m u m .  A l though  Cd and Mn d i d  

not exhibit sfgrtificant seasonal effects, concentrations i n  

3. 

+ 

In th roughfa l l  

+ 

rain also tended t o  increase i n  sumner. The surne;" maxima 

may be i n  response t o  synoptic meteorologic conditions which 

result i n  eievated aerosol concentratims due t o  air 

s tagnat ion,  and i n  generaqly lower rain volumes per event and 

hence less d i l u t i o n  o f  scavenged material. 

4, The concentrations af Cd, Pb, Zn, and SO; i n  incident 

precipitation wwe correlated w i t h  air concentrations o f  

particles i n  several size classes. 

Inter-element correlations i n  incident precipftation 

suggested a possible common source o f  SO: and H', 

such as scavenging af acid sulfate aerosols. A large 

correlation coefficient between Pln and SO-; 

5. 
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concentrations in rain may be related to the ability of Mn to 

catalyze the oxidation of SOp in rsinwater. 

Di!utiGn phenomena in incident precfpitation were indicated 6. 

by significant negative correlation coefficients between 

element concentrations and rainfall amount, storm duration, 

aRd intensity. 

7. The ExpectEd positive correlations between rain 

concentrations and time since previous rainfall were not 

apparent, wggesting the local atmospheric reequilibration 

with the regiorial air mass to Le relatively rapid. 

8. A simple model was applied to the empirical relationship 

between rai? concentratim and rainfall volume i n  an attempt 

to estimate tne rglative importance of in-cloud vs 
/ 

below-cloud scaverrging to the wet deposition nf each 

element. The calculatioris fndicated that, on an annual 

basis, ~ 9 0 %  of the wet deposition of the primarily 

small-particle atinospheric constituents Pb and SO: was 

attributable to scavenging by in-cloud processes, rorhile for 

the large particle-associated elements, Cd and Mn, removal by 

below-cloud scavenging was somewhat more important, 

accounting for 30 to 40% of the deposition. Theoretical 

calculations of scavenging efficiencies confirmed the greater 

importance of the in-cloud processes i n  Pb deposition 

relative to Hi1 deposition. 

9. The interception of  incoming rain by th? forest canopy 

resulted ir, a net increase in the concentrations of Cd, Mn, 
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Pb, Zn, and SO;, but a net decrease in the concentration 

o f  H'. 

as follows: Mn (factor of 160), Cd(4), Zn and SO; (3), 

Ptf (2,7), H'(0.9). 

applicable in the prediction of throughfall concentrations of 

Mn, Pb, Zn, SO;, and H during the growing season 

based on concentrations in incoming rain. The variances of 

concentrations in incoming rain accounted for the following 

fractions of the variances in throughfall: 

(2, 80%), Pb and Mn (Q 55%), H+ (27%). 

The uptake o f  H+ and concomitant loss of several elements 

by the canopy suggests a cation exchange process, with the 

net exchange seen to increase with increasing free acidity of 

the incoming rain and with increasing residence time o f  the 

The elemental enrichments on an annual basis were 

Simple linear regression models were 

+ 

SO; and Zn 

10. 

rain on the leaf surface. On an equivalent basis, the 

hydrogen exchange can easily account for the trace cation 

leaching from the canopy, but for < 10% of the estimated 

total cation leaching from the canopy during the-growing 

season, indicating the importance o f  other processes as well. 

11. In throughfall collected beneath the chestnut oak canopy 

during the growing season, weak acids were responsible for 

approximately twice as much o f  the total acidity (57 5 4% as 

weak acids) than was the case for incoming rain (33 2 3%; 

mean 2 standard error), although the contribution o f  weak 

acids to free acidity (H') was generally negligible. The 
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l eaching  of weak a c i d s  from the canopy may be r e l a t e d  t o  the 

uptake of H+ and consequent ca t ion  displacement suggesting 

some degree of phys io logica l  a l t e r a t i o n  of the l e a f  surface. 

Mass Transfer  t o  the Landscape 

1. The es t imated  t o t a l  annual atmospheric depos i t ion  t o  WBW of 

the elements of interest was s i m i l a r  t o  values  r epor t ed  i n  

the l i t e r a t u r e  for remote and r u r a l  loca t ions .  These r a t e s  

were as fol lows ( i n  g/ha yr): 

Mn = 350, Pb = 150, Zn = 93, Cd = 5.2. 

On an annual s c a l e  the dry depos i t ion  process  c o n s t i t u t e s  a 

s i g n i f i c a n t  f r a c t i o n  of  the t o t a l  atmospheric i n p u t  of Cd and 

Zn (Q 20%)~ i nc reas ing  i n  r e l a t i v e  importance f o r  SO; 

(Q 35%), Pb (Q 55%), and Mn (Q 90%). 

dur ing  s h o r t  term per iods  (days),  the r a t i o  of d ry / to t a l  

depos i t ion  f o r  any element may range over an order  o f  

magnitude . 
The importance of wet depos i t ion  t o  the b ioreceptor  a s  an 

e p i s o d i c  inundat ion of the l ea f  s u r f a c e  is seen from a 

comparison of wet and dry depos i t ion  rates on a comparable 

u n i t  time basis (i,e., wet depos i t ion  r a t e  c a l c u l a t e d  f o r  the 

3 SO;-S = 19 x 10 , 

2. 

However, when measured 

/- - 
3. 

dura t ion  of an ind iv idua l  storm), Met depos i t ion  r a t e s  

expressed i n  this manner a r e  2 t o  3 orde r s  o f  magnitude 

g r e a t e r  than  measured short-term dry depos i t i on  r a t e s .  
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4: The potential for plant effects can be further illustrated by 

calculating the deposition to an individual leaf during one 

event and over the growing season relative to the total leaf 

internal pool of the element. 

seen to deposit a quantity of Pb to the leaf surface equal 

t o  % 70% o f  the internal pool. Deposited quantities of Cd 

and SO; were equal to 11 and 5%, respectively, while 

quantities of bin and Zn were Q, 1% of the internal pool. 

A single dry/wet event was 

During the growing season, the leaf surface was exposed to 1 

to 2 orders of magnitude more Cd and Pb, and nearly equal 

amounts of Zn and SO;, relative to that contained within 

the leaf. 

5. The total annual flux t o  the forest floor beneath a 

representative stand o f  chestnut oaks was attributable, to a 

significant extent, t o  external sources (atmospheric 

deposition by wet and dry processes) for Pb (99%), Zn (44%), 

Cd (42%), SO; (39%), and Mn (14%), the remainder 

attributable to internal element cycling mechanisms (leaffall 

plus foliar leaching). The pathways of highest relative 

importance t o  the total flux to the forest floor of each 
.. 

element were varied: foliar leaching for Cd (55% o f  the 

total) and Mn (49%), dry deposition for Pb (67%), wet 

deposition for Zn (36%), and leaffall for S q  (31%). 
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WALKER SRANCX WATERSHED ELEMENT CYCLING STUDIES: 

COLLECTION AND ANALYSIS 01’ WETFALL FOR TRACE ELEMENTS AND SULFATE 

S. E. Lindberg, R .  R.  Turner, N. M. F e r y s o n ,  and D. Matt 
Environmental Sciences Divis ion 

Oak Ridge Nat ional  Laboratory 
Oak Ridge, Tennessee 37830 

ABSTRACT--A p r e c i p i t a t i o n  sampling network designed s p e c i f i c a l l y  to  optimize 
sample c o l l e c t i o n  and handl ing f o r  trace a n a l y s i s  has  been es tab l i shed  a t  
Walker Branch Watershed, Tennessee, t o  accura te ly  quant i fy  t he  atmospheric 
input  o f  trace elements. The network c o n s i s t s  o f  6 r a i n  a c t i v a t e d  wetfall 
collectors o f  t h e  AEC-HASL design which have been modified with respec t  t o  
cons t ruc t ion  materials and arrrangement of components i n  order  t o  minimize 
trace element contamination. Wetfall has been c o l l e c t e d  through a 
ComMnation of event  and continuous sampling a t  4 th roughfa l l ,  1 ground 
l e v e l  i n c i d e n t ,  and 1 above canopy i n c i d e n t  p r e c i p i t a t i o n  sites. Trace 
metal ana lyses  were performed by graphi te  furnace atomic absorpt ion 
spectroscopy without  preconcentrat ion t o  reduce t h e  chance of 
contamination. 
technique. Both methods underwent q u a l i l t y  c o n t r o l  and i n t e r l a b o r a t o r y  
comparison s t u d i e s  and were Judged t o  be s u f f i c i e n t l y  s e n s i t i v e  and accurate 
to be  a p p l i c a b l e  to trace l e v e l  ra inwater  ana lys i s .  
v a r i a b i l i t y  was determined t o  be low enough t o  d i s t i n g u i s h  n a t u r a l  

v a r i a t i o n s  in p r e c i p i t a t i o n  chemistry from those v a r i a t i o n s  imposed by t h e  
a n a l y s t .  

. 
concent ra t ions  (and c o e f f i c i e n t s  of  v a r i a t i o n )  f o r  Cd, Mn, Pb, Zn, and SO -S 

i n  i n c i d e n t  p r e c i p i t a t i o n  as 0.89 (108%), 1.5 (97%), 5.5 (54%), 7.1 ( I l l % ) ,  

and 840 (481) ug/l, respec t ive ly .  
i n c i d e n t  and t h r o u g h f a l l  r a i n  chemistry were s i g n i f i c a n t .  Temporal effects 
on chemistry were also s i g n i f i c a n t  a t  some i n c i d e n t  and throughfa l l  sites. 
In comparison w i t h  published trace element concentrat ions i n  r a i n ,  the  
l e v e l s  at UBW were closer to those  measured a t  r u r a l  and remote f o r e s t e d  
locations than t h o s e  observed near  i n d u s t r i a l  or urban centers .  

S u l f a t e 4  was determined by a modified methylthymol blue 

The o v e r a l l  procedural  

Pre l iminary  d a t a  f o r  water year 1975-76 yielded weighted mean 

4 

For storm events  s p a t i a l  e f f e c t s  on 

Reprinted from Watershed Research in Eastern N o r t h  
America: A Workshop to Compare Results, Vol . 1 . 
2/28-3/3/77. Edited by David L.  Correll . Chesa- 
peake Bay Center f o r  Environmehtal Studies, Smith- 
sonian Institution, Edgewater, MD 21037. 



INTRODUCTION 

It is genera l ly  accepted t h a t  var ious human a c t i v i t i e s ,  e s p e c i a l l y  
combustion of fossil f u e l s ,  introduce c e r t a i n  trace elements i n t o  t h e  
atmosphere and subsequent ly  i n t o  t h e  a q u a t i c  and terrestrial environment a t  
rates comparable to those  of natural processes. 
i l l u s t r a t e d  t h i s  po in t  for S, Pb, Se, and Hg (Lellog et  al. 1972; Hitchcock 
and Wechslor 1972; Tatsumato and Pat tereon 1963; Klein et al. 1975). 
Although the l i t e r a t u r e  conta ins  information on t h e  anthropogenic emission 
rates and atmospheric concent ra t ions  of many elements, data for t h e i r  
removal, such as depos i t ion  rates to  the terrestrial landscape, have not  
been r e a d i l y  a v a i l a b l e  u n t i l  q u i t e  r e c e n t l y  (Schlesinger et  al .  1974; Cawse 
1974; Gatz 1975). 
p a r t i c u l a r  Importance due to  both its episodic  na ture  and the  fact  that 

p a r t i c l e  and gaseous-associated elements are de l ivered  to  t h e  f o r e s t  canopy 
p a r t l y  i n  s o l u t i o n ,  thereby enhancing t h e  p o s s i b i l i t y  of  absorp t ion  by 
vegetat ion s u r f a c e s .  In  a d d i t i o n ,  wetfall may simultaneously remove 
previously deposi ted or impacted material from t h e  canopy i n c r e a s i n g  the  
mobi l i ty  of par t ic le -assoc ia ted  trace elements. 

Exis t ing  d a t a  has 

O f  t h e  two major removal mechanisms, w e t  depos i t ion  is o f  

The importance of p r e c i p i t a t i o n  i n  n u t r i e n t  and major element c y c l i n g  on 
a watershed scale has been well documented (F isher  e t  a l .  1968; Johnson and 
Swank 1973; Likens et a l .  1967; Swank and Henderson 1976). However, few 
s t u d i e s  have combined the unique sample c o l l e c t i o n  design and possessed t h e  
a n a l y t i c a l  s e n s i t i v i t y  requi red  f o r  trace a n a l y s i s  of wetfall with the 

fac i l i t i es  of  a wel l -ca l ibra ted ,  e a s i l y  monitored, terrestrial ecosystem. 
These cons idera t ions  have prompted us  t o  i n v e s t i g a t e  the  atmospheric input  
of s e l e c t e d  trace elements i n t o  Walker Branch Watershed (WBW) as p a r t  of B 

more comprehensive program dealing wi th  the  geochemical c y c l i n g  and 

t r a n s p o r t  mechanisms o f  elements through t h e  t e r r e s t r i a l - a q u a t i c  ecosystem. 
The s p e c i f i c  o b j e c t i v e  o f  the  p r e c i p i t a t i o n  research  p r o j e c t  is to 
c h a r a c t e r i z e  depos i t ion  of Cd, Mn, Pb, Zn, and S04-S onto t h e  watershed by 
wet and d r y f a l l  on time scales commensurate with t h e  i d e n t i f i c a t i o n  o f  
meteordlogic and o t h e r  f a c t o r s  r e g u l a t i n g  t h e  magnitude of  e p i s o d i c  trace 
element inputs .  
d i scuss ion  o f  a n a l y t i c a l  and sample c o l l e c t i o n  methods developed, modified, 
or t e s t e d  s p e c i f i c a l l y  for use  i n  trace a n a l y s i s  o f  p r e c i p i t a t i o n .  Fur ther  

~ 

The purpose of t h i s  paper is to present  a d e t a i l e d  



discuss ions  of i n i t i a l  r e s u l t s  of t h i s  program have been reported elsexhere’ 
(Andrea and Lindberg 1977; TuMer and Lindberg 1977). 

The resehrch f a c i l i t i e ~  assoc ia ted  k i t h  Walker Branch Watershed, an 
i n t e n s i v e l y  monitored f o r e s t  :atchmer?t on the  Oak Ridge Nat ional  Laborctc-y 
(QRNL) reserva t ion ,  provides an i d e a l  f i e l d  labora tory  i n  which t o  examine 
deposi t ion and a.?cumulation of a i rborne  t r a c e  contaminants der ived from coal  
combustion prac6sse.s. 
and one mal l  coal-fi-ed power p i a n t s  with combined coal consumption of over 
7 x ’ 0  u e t r i c  tons /ysar .  E a r l i e r  and cont inuing sLudies on the watershed 
provide c o r r e l a t i - l e  information on meteorology, hydrology, chemistry, and 
biology which are e s s e n t i a l  to our in te rp ;e ta t ion  of  t h e  depos i t ion  
measureffients (e.g. as desc r ibed  i n  related papers on Walker Branch s i t e  
d e s c r i p t i o n ,  Harrj.8, t h i s  symposium; hydrology, Henderson e t  a l . ,  t h i s  

aynposium; stream chemistry. Henderson et a l . ,  Turner et  a l . ,  t h i s  
symposium; and organic  matter cycl ing,  Comisky e t  a f . ,  this symposium). 

This catchment i c  s i t u a t e d  within 20 ka of two large 

6 

Materials and Methods 

Many problems have been assoc ia ted  with the  c o l l e c t i o n  of r a i n f a l l  f o r  
major element and n u t r i e n t  chemistry and have beer. reviewed by Galloway and 
Likens ( 1976 1. These d i f f i c u l t i e s  &r=, i n  genera 1, compounded when trace 
a n a l y s i s  is intended due t o  both the h i g h  p r o b a b i l i t y  of sample 
contamination and o m s i b i l i t j r  of element ~0s.s to conta iner  surfaces (e.g. , 
see t h e  recent  rwiew papor by Mcrgaq, 1975). 
considered dur ing  the developwent of t h e  p r e c i p i t a t i o n  s a a p l i n g  natw3rk on 
Walker Branch Watershed. 

A l l  of thede problems were 

- 
P r e c i p i t a t i o n  c o l l e c t o r  design - The  u t i l i t y  o f  using wet/dry o? *et 

s 

only samplers (automatic devices  designed t o  expose the c d l l e c t o r  s u r f a c e s  
only during p r e c i p i t a t i o n )  for c o l l e c t i o n  of  r a i n  for chemical a n a l y s i s  has 
been well e s t a b l i s h e d  (Galloway and Likens, 1976; Bennett e t  a l . ,  1977). 
Accordingly we chose t h e  USdEC (now USERDA) - HASL design,  a repor ted ly  
r e l i a b l e  ( G a l l w a y  and Likens, 1976) wet/dry sampler which w e  f e l t  could be 
r e l a t i v e l y  e a s i l y  E d i f i e d  t o  mjnimize contamination from metal  components 
of the’sampler i t s e l f  or from spur ious  dry  depos i t ion  i n t o  the  wetfall  

samples. The YASL c o l l e c t o r  is a 110 V AC pcwered, r a i n  activated u n i t ,  t h e  

. I  
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b a s i c  plans f o r  which are a v a i l a b l e  from t h e  Health and S a f e t y  Laboratory 
(Energy Research and Development Administration, New York, New York 10014) 
catalogued as wet/dry f a l l o u t  c o l l e c t o r .  
design are: 
and o t h e r  contamivants on t h e  l i d  i n t o  t h e  c o l l e c t o r  a rea  during 
p r e c i p i t a t i o n  (by t h e  use  of  a sharpe ly  s loped l i b  which p i v o t s  12 cm away 

from t h e  c o l l e c t i o n  b o t t l e s  during r a i n ) ,  (2)  its a b i l i t y  to  minimize t h e  
chance of dry depos i t ion  e n t e r i n g  t h e  wetfall c o l l e c t o r  during dry per iods  
(by t h e  use o f  a p ivot ing  l i d  f i t t e d  with a p l a s t i c  covered f o a m  i n s e r t  
which r e s u l t s  i n  a p o s i t i v e  seal over t h e  w e t f a l l  c o l l e c t o r ) ,  (3) its 
p o r t a b i l i t y  ( t h e  e n t i r e  sampling u n i t  can be handled by two people and 

weighs -25 kg), ( 4 )  its a b i l i t y  t o  s e p a r a t e l y  sample d r y f a l l  and w e t  
depos i t ion  such as r a i n ,  s leet ,  or  snow, and (5) its a b i l i t y  t o  c o l l e c t  a 
number of ind iv idua l  samples i n  s e p a r a t e  b o t t l e s  i n  each sampler 
simultaneously due t o  t h e  r e l a t i v e l y  large (-0.07 m sur face  a v a i l a b l e  
f o r  c o l l e c t i o n  o f  w e t f a l l .  

The major advantages of  the  b a s i c  
(1)  its a b i l i t y  to minimize t h e  ? ip lash  off" of dry depos i t ion  

2 

The u n i t  as modified f o r  our purposes is i l l u s t r a t e d  i n  Figure 1. Major 
modif icat ions toa the  basic design are as follows: (1)  s u b s t i t u t i o n  of a 
molded sheet-nylon l i d  a t tached  with s t a i n l e s s  s t e e l  and nylon r i v e t s  to 

s t a i n l e s s  steel suppor t ing  pivot  arms ( thus  a l l  components above t h e  l e v e l  
of t h e  sample b o t t l e s  are composed o f  r e l a t i v e l y  i n e r t ,  acid washable 

materials), (2) enclosure of t h e  foam l i d  s e a l i n g  s u r f a c e  i n  a polyethylene 
bag to  allow thorough c leaning  or replacement p r i o r  t o  each u s e ,  and ( 3 )  
s u b s t i t u t i o n  of a Wong type two dimensional sensor  f o r  t h e  HASL t h r e e  
dimensional sensor  g r i d  and r e l o c a t i o n  of t h i s  metal coated w e t  sensor  gr id  

from t h e  l i d  o f  t h e  sampler t o  a separate post  mounted 2 m away from and 

b e l a i  t h e  l e v e l  of  the  c o l l e c t o r .  In  addi t ion  t h e  e l e c t r o n i c s  f o r  t h e  
sensor  u n i t  which r e l a y s  t h e  s i g n a l  t o  t h e  motor d r i v e  of  t h e  c o l l e c t o r  l i d  

is relocated i n  a s e p a r a t e  waterproof case. 
mounted on t h e  e l e c t r o n i c s  case al lows f o r  over r id ing  t h e  w e t  sensor  SO as 
to  e i t h e r  open t h e  sampler dur ing  d r y  per iods  or c l o s e  t h e  sampler during 
wet per iods as f i e l d  maintenance r e q u i r e s .  

A simple 3-position switch 

S i t e  l o c a t i o n  and sampling procedures - The placement of  t h e  ind iv idua l  
samplers is i l l u s t r a t e d  i n  Figure 2 a long w i t h  t h e  r e l a t i v e  l o c a t i o n  of WBW 

i n  t h e  e a s t e r n  United S t a t e s .  The sampling network c o n s i s t s  of  f o u r  
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Fig. 1. Modified HASL w e t f a l l f d r y f a l l  c d l e c t o r  used at  Walker Branch 

Watershed. Tt-c sampler is shown as used for w e t f a l l  c o l l e c t i o n  

only 

th roughfa l l  (TI, one ground l e v e l  inc ident  (GI), 2nd one above canopy 
inc ident  (CI) c o l l e c t i o n  s f t e s .  

A t  two s ikes ,  t h r o c g h f a l l  and inc ident  p r e c i p i t a t i o n  samples are p:ired 
t o  fac i l i t a te  event comparisons bstween r a i n  chemistry above and below t h e  

canopy or a t  ground l e v e l  both below tho zanopy inf luence  and i n  the open. 
The most uniqae sample l o c a t i o n  is t h e  canopjj inc ident  s i t e  loca ted  IO m 

above t h e  decidllcus canopy a t o p  a 33 m walkup meteorological  towei' on the  
western r i d g e  of the  watershed. This  c o l l e c t o r  is s i t u a t e d  above a l l  
manmade metal s t r u c t u r e s  i n  t h e  watershed (except f o r  two adjacent  2 m 
alumlnum lightening rods)  and is bel ieved to y i e l d  t h e  %leanestfl p o s s i b l e  
samples from a contamination s t a n t p o i n t .  This is extremely u s e f u l  when 
comparing t h e  metal concent ra t ions  i n  r a i n  at  var ious sites from t h e  same 
event  for t h e  purpose of i e e n t i f y i n g  contaminated samples. I n  addi t ion  t h i s  
s i te  y i e l d s  t h e  only meascre of p r e c i p i t a t i c n  chemistry before it. e n t e r s  t h e  
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Fige 2. Walker Branch Watershed study area, indicatine trace 
element w e t f a l l  collection s i t e s  and raingauge 

locations. 



sphere of watershed inf luence .  
approxfmately 40 m south of t h e  base of  t h e  tower. 
i n c i d e n t  (GI) site is loca ted  ad jacent  t o  the  streambed i n  t h e  v a l l e y  below 

t h e  r i d g e  where t h e  tower s tands ,  approximately 110 m i n  height: below t h e  CI 
sampler. The compcsition of r a i n  collected a t  t h i s  s i t e  (compared t o  t h e  C I  

site) thus  e x h i b i t s  t h e  a d d i t i o n a l  effect on p r e c i p i t a t i o n  chemistry of 

particle and gas washout from the  a i r  mass 
remaining two throughfa l l  sites are loca ted  on the  c e n t r a l  and northern 
ridges of the watershed. A l l  th roughfa l l  c o l l e c t o r s  are s i t u a t e d  beneath 
mixed hardwood s t a n d s  (predominantly oak, hickory; beech, poplar  i n  one 
case). 

The paired throughfa l l  sampler is loca ted  
The ground l e v e l  

within the  watershed. The 

R a i n f a l l  volume is monitored cont inously a t  5 ground l e v e l  r a i n  gauge 
Sites (see Figure 2) by Fisher-Porter  automatic recorders  which al low 
c a l c u l a t i o n  o f  t h e  weighted average d a i l y  r a i n f a l l  input  t o  t h e  watershed 
(Henderson et al.,  t h i s  symposium). I n  a d d i t i o n ,  a t  each HASL sampler s i te 
a por tab le  wedge type r a i n  gauge is loca ted  which is read on an event b a s i s  
thus  g iv ing  an i n d i c a t i o n  of  i n t e r s i t e  v a r i a b i l i t y  i n  r a i n f a l l .  

Two d i f f e r e n t  methodologies were employed i n  t h e  t iming of sample 
c o l l e c t i o n  depending on t h e  intended use of the  da ta .  Samples used to 
cons t ruc t  trace element budgets f o r  t h e  watershed were c o l l e c t e d  on a 
continuous 14 day b a s i s  a t  the paired GI and throughfa l l  s i t e .  

never r e t r i e v e d  during per iods  of r a i n  but  r a t h e r  between events .  Event 
samples, as descr ibed below, were also used i n  t h e  c a l c u l a t i o n  of weighted 
mean trace element concent ra t ions  i n  r a i n  for  a p p l i c a t i o n  t o  the  watershed 
mass balance s t u d i e s .  

Samples were 

For t h e  purpose of c h a r a c t e r i z i n g  trace element depos i t ion  by w e t f a l l  
- and throughfa l l  on time scales commensurate with i d e n t i f i c a t i o n  of 

meteorological  factors r e g u l a t i n g  t h e  magnitude of trace element inputs ,  
samples were c o l l e c t e d  occas iona l ly  on an event b a s i s  a t  a l l  s i x  sites. 
Although t h e  importance of event  c o l l e c t i o n  has been s t r e s s e d  (Galloway and 
Likens, 1976; Bennett et a l . ,  1977; Andren and Lindberg, 1977) t h e  problem 
of event  d e f i n i t i o n  cont inues to  plague p r e c i p i t a t i o n  researchers .  I n  -our 
s t u d i e s  t h e  samplers were serv iced  and a c t i v a t e d  j u s t  p r i o r  to  i n i t i a t i o n  of  
r a i n f a l l  ( g e n e r a l l y ( 2 4  hours)  and a l l  samples were r e t r i e v e d  soon af ter  
p r e c i p i t a t i o n  had ceased and weather condi t ions  i n d i c a t i v e  of a genera l  
clearing had appeared (normally wi th in  36 hours of  t h e  last recorded 



r a i n f a l l ) .  
i n f r e q u e n t l y  (during winter  months) sampled a series of  c l o s e l y  spaced 
per iods  of r a i n ,  each of s h o r t  dura t ion ,  as if they were one event .  In  
genera l ,  however, t h i s  method l e d  to  sarnpling o f  w e l l  def ined p r e c i p i t a t i o n  
events  for which c o r r e l a t i v e  meteorological  parameters could be measured or 
obtained.  For example, from 9/75 t o  8/76 we sampled 14 such events ,  the 

c h a r a c t e r i s t i c s  of which are s u m a r i z e d  i n  Table 1 .  By using t h i s  

d e f i n i t i o n  we were a b l e  to  sample 34% o f  the p r e c i p i t a t i o n  input  by volume 
during t h i s  per iod  as i n d i v i d u a l  events  while minimizing t h e  length  of  time 
sample b o t t l e s  were i n  the f i e l d  both before  and a f t e r  the r a i n f a l l  occurred. 

In  p r a c t i c e  the c o l l e c t i o n  procedure is designed (1) to  minimize t h e  

This was considered as an event .  Using t h i s  procedure we have 

chance OP contamination o f  t h e  sample conta iner  i n  t h e  f i e l d  p r i o r  t o  t h e  
occurrence of r a i n f a l l  and to  t h e  sample i t s e l f  during p r e c i p i t a t i o n  and 
p r i o r  to  r e t r i e v a l  from t h e  f i e l d ;  (2) t o  reduce t h e  chance of chemical 
a l t e r a t i o n  of t h e  o r i g i n a l  sample by evaporation, degassing, b i o l o g i c a l  
a c t i o n ,  and s o r p t i o n  phenomena. Although i n  t h e  o r i g i n a l  design the l a r g e  
polypropylene bucket i n  t h e  HASL sampler was intended to act as t h e  r a i n f a l l  
collector, we used i n d i v i d u a l  prewashed 500-10OOml polyethylene b o t t l e s  
f i t t e d  with 12 cm prewashed polypropylene funnels  f o r  t h e  c o l l e c t i o n  of a l l  

samples (using s e p a r a t e  b o t t l e s  f o r  trace metal samples and pN and s u l f a t e  

Table 1. Characteristics o f  Individual Precipitat ion Events Sampled During 9/75-8/76 

Number of Fraction o f  Time Individual 
Events Total Rainfal l  Period' Precipitat ion Dura t ion*  Periods - Period Sampled Sampled (%) S ta t l s t i c  (days) h u n t  (Em) (days) o f  Rain' 

September- man 4 4.4 0.9 1.3 
October 3 88 range 1-6 3.1-5.5 0.5-1.4 1-2 

November- man 2.4 2.0 . 0.6 1.2 
February 6 25 range 0.2-5 0.6-4.1 0.2-1.0 1-2 

March- mean 3.7 3.7 2.2 1 
Apr i l  2 25 A range 3.7-3.8 , 1.8-5.6 0.6-3.7 1 

man  3.2 3.8 0.6 1 
3 31 range 1-5 2.2-6.9 0.5-0.8 1 

May- 

Annual wan  3.1 3.1 0.9 4 

. --- 
August 

.. 14 34 range 0.2-6 0.6-6.9 0.2-3.7 1-2 

'Total length o f  time samples were deployed (1.e. bo t t l e  set-up t o  re t r ieva l ) .  
'Total length o f  t i m e  of continuous measurable prec ip i ta t ion (where measurable i s  taken as 0.03 cm I n  

'Were each period must be preceeded by a t  least  6 continuous hours o f  no measurable precipitat ion. 
an hour, as measured a t  a nearby NOAA meteorological stat ion). 
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samples). 
surface area f o r  w e t f a l l  c o l l e c t i o n  somwhat ,  has a number o f  advantages: 
(1) each component is more e a s i l y  subjec ted  t o  r igorous a c i d / d i s t i l l e d  water 
washing procedures than is t h e  large bucket, (2) t h e  funnels  can be e a s i l y  
f i t t e d  with 200~ mesh nylon screen ,  t o  exclude coarse organic  d e b r i s  from 
e n t e r i n g  t h e  sample b o t t l e s ,  f o r  use at throughfa l l  s i t es ,  ( 3 )  i n d i v i d u a l  
b o t t l e s  can be subjec ted  t o  d i f f e r e n t  washing and sample preserva t ion  
techniques (e.g. a c i d i f i c a t i o n  f o r  trace metal samples) f o r  s t a b i l i z a t i o n  of 
var ious  chemical parameters and still be used i n  the  same sampler, (4) 
samples can be c o l l e c t e d ,  s t o r e d ,  and analyzed from the same bottles t h u s  
minimizing t r a n s f e r s  and chance of  contamination, and (5) replacement o f  t he  

f u r n e l s  and b o t t l e s  is far less expensive than t h e  l a r g e  buckets. 
I n  preparat ion f o r  event  sampling polyethylene b o t t l e s  f o r  trace element 

samples were cleaned i n  t h e  labora tory  by r i n s i n g  with d i s t i l l e d ,  deionized, 
filtered water (produced i n  a g l a s s  s t i l l  and drawn from a Mil l ipore  M i l l i - Q  

c lean  water system with a 0.5 p af ter-f i l ter) ,  leaching with 2N reagent  
grade HNO for 16 hours on a r e c i p r o c a t i n g  shaker ,  r i n s i n g  profuse ly  w i t h  

M i l l i - Q  water, and f i n a l l y  leaching f o r  a t  least  8 hours with M i l l i - Q  

water. Repeated ana lyses  of t he  Milli-9 water used i n  our  labora tory  over 
t h e  las t  year has ind ica ted  reproducible ,  acceptably low l e v e l s  of var ious  
metal contaminants (see T a b l e  2 and compare with wetfall concentrat ions i n  
Tables 8 and 9. 

The u s e  of t h e  funnel-bot t le  arrangement, though decreasing t h e  

3 

Polyethylene b o t t l e s  f o r  c o l l e c t i o n  o f  samples fo r  pH, conductance, or 
I 

s u l f a t e  determinat ions were washed as above b u t  e l imina t ing  the ac id  
leaching s t e p .  Polypropylene funnels  were washed as above fcr use with 

- either trace a n a l y s i s  c o l l e c t i o n  b o t t l e s  or  pH b o t t l e s ,  t h e  acid or water 
leaching  s t e p  being replaced by a soaking s t e p  using polyethylene v a t s  of 2N 

Table 2. Trace Element Concentrations fn Distilled, Deionized. Filtered Water 
(Hilli-Q Water) Used in Trace Analysis Work (in ug/l) 

statistic Cd cu Cr Fe Hn Pb 5O,-S Zn 
_ _  
Mean 0.01 0.10 0.21 0.17 0.04 0.07 70 0.39 

r 0.003 0.16 0.22 0.06 0.05 0.06 7 0.26 

range . 4.005-0.014 <0.01-0.43 <0.01-0.43 <0.05-0.24 <0.05-0.16 <0.01-0.16 67-83 0.Z70.78 

n 9 6 8 5 8 7 5 4 



HNO or M i l l i - ?  water. I n  a d d i t t o n ,  t h e  polyethylene mvered  f o a m  l i d  
irxtert and polypropylene bucket used in the  sampler i t se l f  (which have been 
removed from tho  sampler, r i n s e d ,  and stored i n  t h e  labora tory  s i n c e  t h e  

Previcus sample c o l l e c t i o n )  were r insed  with 2N .W03, and profusely r i n s e d  
wi th  d i s t i l l e d  water immeaiately p r i w  t o  use. 

3 

I n  t h e  f t e l d  t h e  HASJ, samplers vere  har.d washed with d i s t i l l e d  water and 
Kimwipts to remove any d r y  depos i t ion ,  e s p e c i a l l y  f r o m  components above t h e  
l e v e l  of  t b e  sample b o t t l e s .  Samplers were then assembled, each conta in ing  
7-2 each of trace elenient end pH b o t t l e s  w i t b  funneis  depending on whether 
r e p l i c a t e  samples irom each site were desired.  Trace metal sample b o t t l e s  
were on some ocaasaions p r e a c i d i f i e d  p r i o r  t o  placement i n  t h e  f i e l d  t o  
s tab i l - ize  t h e  low l w e l  u n t a l  concent ra t i sns  i n  r a i n  during t h e  per iod of 
sample c o l l e c t i c n  and s torago  p r i o r  t o  r e t r i e v a l .  In  o ther  cases samples 
were a c i d i f i e d  upm r e t u r n  to  the labora tory  (see d iscuss ion) .  

Analy t ica l  mnthods - The parameters pH and s p e c i f i c  conouctance were 
measured inmediately upon t*ecurn t o  the labora tory  on samples allowed to  
reach roam temperature. 
s tandard methods on samples e q u i l i b r a t e d  v i t h  atmosohoric C02 us ing  a 
combination reference-pH e l a c t r o d e  (Cal lmay e t  al . ,  1976). Conductance was 

measured on a s e p w a t e  aliquot. using a conductance oridge/probe arrangement 
and cor rec ted  t o  i 5 O C  Lnother 25 r o l  ; t l iquot  for s u l f a t e  was t r a n s f e r r e d  
i n t o  a 25 m l  prewashc?d pslyet l iylcr~c b o t t i e  snd s tored  a t  4 O C  i n  t h e  dark 
unt i l  a n a l y s i s  (<7 days). 
b o t t l e  became apparent  s f t e r  discovery of evaporation problems when small 
a l i q u o t s  (25 u l )  were s t o r e d  i n  l a r g e  b o t t i e s  (200 m l )  p r i o r  to analys is .  
For s t a n l a r d s  of 3-5 mg/l sulfate  (1000-1700 >g/l  S04-S), concentrat io? 
was observed to increase  over a 10 day s t o r a g e  period (4OC In  t h e  dark j  3y 

up to  305, presumably du& t o  s o l u t i o n  evapcsrntion. This e f f e c t  was not 
apphrent f o r  samples s t o r e d  i n  f u l l  b o t t l e s  (D. Bostick, personal  
communication). 

liydr ogen inn concentrat ion (pH) w a s  de te ra ined  by 

The importance of s t o r i n g  samples i n  a f u l l  

- 

S u l f a t e  was determined us ing  an improved nethjrlthymol b lue  c o l o r i m e t r i c  
procedure with a Technicon Auto Analyzer I1 system. The method has been 
descr ibed i n  d e t a i l  by McSwain et a l .  (19711) and involves  t h e  following: 

(1) pH 1s determined to a m u r ?  tha t  highly a c i d  samples are not anaiyzed 
Without n e u t r a l i z a t i o n  (samples of pH < 3 are evaporated to dryness and 
d i l u t e d  to  volume wlth d i s c i l l c d  water). (2) samples of suspected kigh 



sulfate-S l e v e l s  b3300 ug / l )  are d i l u t e d  into the 300-2100 ug / l  range, (3)  
r e p l i c a t e  samples, spiked samples, and s tandards i n  4 m l  a l i q u o t a  are loaded 
i n t o  t h e  autosampler t r a y ,  and ( 4 )  a n a l y s i s  is i n i t i a t e d .  
i n t e r f e r e n c e  problems caused by s o l u t i o n  matrix effects s e l e c t e d  samples 
From a given set were spiked with 2 mg/l sulfate as NazS04 
(670 p g / l  S04-S). 

recover ies ,  a l l  samples i n  t h e  set were spiked to  determine recovery 
e f f i c i e n c i e s  and t h e  concent ra t ions  corrected accordingly. Al te rna te ly ,  if 

very l o w  recover ies  ( -do%) occurred t h e  sample was reduced i n  volume on a 
steam bath and re turned  to volume w i t h  d i s t i l l e d  water i n  an at tempt  to  
minimize mat r ix  effects. 
throughout t h e  e n t i r e  procedure. 
t h e  s tandard  curve method with the l i m i t  of de tec t ion  f o r  n a t u r a l  water 
samples, as determined by experience, being 66 ug/l  as S04-S. 

Table 3 conta ins  information on a n a l y t i c a l  p rec is ion  (based on r e p l i c a t e  
ana lyses  of t h e  same sample), accuracy (based on a n a l y s i s  of  g r a v i m e t r i c a l l y  
prepared Na SO s t a n d a r d s ) ,  and sp ike  recoveries  (%R) f o r  r a i n f a l l  
samples. For a l l  three parameters t h e  statistics apply to  a number of  
r e p l i c a t e  ana lyses ,  check s tandards,  or sp ikes  f o r  d i f f e r e n t  samples 
analyzed during t h e  past year. For t h e  concentrat ion range o f  SO4-S 

To check f o r  

If a matr ix  problem occurred as evidenced by reduced 

In  t h i s  case spiked samples were carried 
Reported concentrat ions were determined by 

2 4  

Table 3. Analytical Precision, Accuracy. and Spike Recoveries for  
Sulfate-S i n  Precipitation Samples Analyzed by the 

Technicon Methylthyml Blue Procedure 
/ 

- Concentration Precision Accuracy Spike Recovery 
- - Range - (rcg/l) X 0 n X range n X a n 

3 22 1% -5 to 7.5 28 96% 8 22 

- 98 6 7 1 7 -  - 1700-3300 3 

>3300 2 1 10 - - 99 4 10 

300-6700 10 10 8 -  - - 93 11 15 

300- 1 700 4% 

- - 
(organic r ich 

samples ) 

'Dissolved organic carbon i n  t h e  10-50 mg/l range, and samples highly colored. These 
samples represented rainwater a f t e r  i t  had leached through the 01 organic l i t t e r  
layer. 



normally encountered i n  p r e c i p i t a t i o n  samples (300-1700 u g / l )  t h e  average 
prec is ion  and accuracy weret 45 and 1% respec t ive ly .  The c a l c u l a t e d  mean 
accuracy is somewhat misleading i n  that signed ( 2 )  r e l a t i v e  d e v i a t i o n s  f r o m  
expected values  were averaged. 
accuracy for samples i n  t h i s  range is 35. 
nonexis tent  ($R > 905) except  f o r  t h e  samples designated as o r g a n i c  r i c h .  
These samples represented rainuater which had percolated through t h e  01 s o i l  
horizon and were highly colored s o l u t i o n s  wi th  d i sso lved  organic carbon 
(DOC) concent ra t ions  of  10-50 mg/l. 
matrix effects included sample oxida t ion  with H202 t o  reduce t h e  W C ,  
sample evaporat ion and re -d isso lu t ion  i n  d i s t i l l e d  water, and a n a l y s i s  by an 
alternate s u l f a t e  method ( s p e c t r o k i n e t i c  zirconium-methylthmol blue 
procedure performed on a c e n t r i f u g a l  fas t  analyzer ;  see Bost ick,  1976, f o r  
procedure d e t a i l s ) .  The s p e c t r o k i n e t i c  method yielded the only r e s u l t s  

which d i d  not i n d i c a t e  a mat r ix  i n t e r f e r e n c e .  As t h i s  method was based on 
t h e  measured rate of c o l o r  formation and not  f i n a l  c o l o r  d e n s i t y  it was f e l t  

t h a t  t h e  source of t h e  i n t e r f e r e n c e  was the actual co lor  of  t h e  o r i g i n a l  
sample (D. Bostick, personal  communication). However, s ince  r a i n  and 
throi lghfal l  samples never exhib i ted  t h i s  co lor  problem, f u r t h e r  research was 
not pursued. The important p o i n t  is t h a t ,  although t h e  exac t  na ture  of t h e  
matrix i n t e r f e r e n c e  was not  discovered,  s u l f a t e  recover ies  on environmental 
samples should be checked t o  determine if matr ix  effects are inf luenc ing  t h e  

When t h e  absolu te  values  are used t h e  mean 
Matrix effects were g e n e r a l l y  

E f f o r t s  to determine t h e  n a t u r e  of the 

a n a l y t i c a l  r e s u l t s  of the s tandard  methyfthymol blue technique. 

- 
of concentrated Ul t rex  HNO t o  pHe1.5  (see d i s c u s s i o n ) ,  were s t o r e d  a t  
4% i n  thP dark  u n t i l  a n a l y s i s  ( g e n e r a l l y < 3 0  days,  never> 6 months). All 

metal analyses  were performed us ing  a Perkin Elmer (PE) Model 503 atomic 
absorp t ion  spectrometer  with deuterium background cor rec t ion  i n  conjunct ion 
with a P.E. HGA 2100 g r a p h i t e  furnace (CFAAS). 

s p e c i f i e d  by t h e  manufacturer were employed i n  a l l  analyses .  
reported mat r ix  effects for  some n a t u r a l  aqueous samples analyzed by GFAAS 

(Cruz and Van Loon, 1974; Edmunds et a l . ,  1973; Barnard and Fishman, 1973) 
a l l  s o l u t i o n s  were analyzed by t h e  method of s tandard addi t ions .  
r o u t i n e l y  involved d u p l i c a t e  i n j e c t i o n s  of  25-100 p1 of sample i n t o  t h e  

g r a p h i t e  furnace using meticulously cleaned Eppendorf p i p e t s  (Sommerfield e t  
al.,  1975) followed by i n j e c t i o n  of  another a l i q u o t  of  the  same sample 

/ 

Samples for trace metal ana lyses ,  previously s t a b i l i z e d  by the a d d i t i o n  

3 

Standard condi t ions  as 
Because of 

T h i s  
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spiked with a F i s h e r  trace metal s tandard (as the  n i t r a t e  sa l t ) .  
prev ious ly  repor ted  mat r ix  problems genera l ly  involved complex s o l u t i o n s  
(seawater, d i g e s t s ,  l e a c h a t e s )  such e f f e c t s ,  manifested a s  both depressed 
and entranced s i g n a l s  f o r  spiked s o l u t i o n s ,  occurred dur ing  t h e  a n a l y s i s  of 
some p r e c i p i t a t i o n  samples. 
no t  result i n  any s i g n i f i c a n t  a l l e v i a t i o n  of matrix e f f e c t s .  
of p o t e n t i a l  i n t e r f e r e n c e s  w i t h  varying sample composition t h e  method of 
standard a d d i t i o n s  is recommended f o r  rout ine  a n a l y s i s  of p r e c i p i t a t i o n  
samples by GFAAS. 

Although 

The use of deuterium background cor rec t ion  did 
Thus because 

The published ins t rumenta l  s e n s i t i v i t y  o f  t h i s  method (Kerber, 19741, if 

achievable  i n  p r a c t i c e ,  can e l imina te  t h e  need f o r  sample preconcentrat ion 
by c h e l a t i o n ,  c a t i o n  exchange, evaporat ion,  o r  ashing p r i o r  to a n a l y s i s  f o r  
many n a t u r a l  f reshwater  samples. Such pretreatment  methods expose t h e  
sample to numerous sources  of  t r a c e  contamination by reagent  a d d i t i o n ,  
sample t r a n s f e r s ,  o r  simply by exposure to t h e  atmosphere f o r  an extended 
per iod of time (Tolg, 1972; Morgan, 19751. In  a d d i t i o n ,  problems of trace 
element losses dur ing  var ious  preconcentrat ion s t e p s  have been documented 
(Bruland, 1974; Begnoche and Risby, 1975). Thus i f  the  actual s e n s i t i v i t y  
is s u f f i c i e n t  to  d e t e c t  trace concentrat ions of  metals i n  p r e c i p i t a t i o n  
without  preconcent ra t lon ,  many of the above problems can be circumvented. 

Lisk (1974) s t a t e d  t h a t  f o r  CFAAS it may be background contamination 
from reagents  and i m p u r i t i e s  r a t h e r  than instrument s e n s i t i v i t y  which 
c o n t r o l s  t h e  l i m i t s  of d e t e c t i o n  (L.D.). The opera t iona l  de tec t ion  l i m i t s  , 
as determined from experience during the pas t  year are compared u i t h  Ultrex 
KNO ( t h e  only "reagent" added t o  the  r a i n  sarcples p r i o r  to  a n a l y s i s )  and 3 - t h e  lowest measured ra inwater  values  i n  Table 4 f o r  t h e  four  elements 
rout ine ly  s tud ied  and t h r e e  a d d i t i o n a l  which were analyzed i n  s e l e c t e d  
samples. The minimum values  recorded f o r  r a i n  approached t h e  opera t iona l  
L.D. for Cd and exceeded t h a t  f o r  Mn. 
inf requent ly  b u t  r e s u l t e d  i n  t r a n s i e n t  L.D. lower than those  repor ted  for 
normal opera t ing  condi t ions .  
in Tables 8 and 9 (see d i s c u s s i o n )  which inc lude  statist ics f o r  
p r e c i p i t a t i o n  analyzed over a 12 month per iad ,  it is apparent  t h a t  t h i s  

technlque a f f o r d s  s u f f i c i e n t  s e n s i t i v i t y  f o r  d i r e c t  trace a n a l y s i s  of rain 
samples. Only i n  t h e  case of C r  and poss ib ly  Cd was t h e  ac id  blank within a 
factor of 5 of t h e  minimum value.  The a c i d  blank for Mn was with in  a f a c t o r  

Extreme instrument s t a b i l i t y  occurred 

However by comparing these  values  with those  



Table 4. Comparison of Operational Detection Limits, Blank 
Concentrations. and Minimum Measured Precipitation 

Concentrations for  Selected Trace Metals 
Analyzed by Graphite Furnace 

Atamic Absorption Spectrometry 

Detection Limit Acid Blank Lowest Precipitation 
from Experfence Concentration' Values Measured 

E l m n t  h9/1) (v9/l) (rs9/1) 

Cd 0.005 <0.005 0.01 

Pb 0.a 0.005 0.34 
Hn 0.05 0.004 0.03 

In 0.05 0.005 1.30 

Cr 0.01 0.2 0.09 
cu 0.01 0.003 0.27 
Fe 0.05 0. 05 5.00 

'Ultrex HNOl added to  a sample a t  the rate of 5 ml/l. Values repre- 
sent final diluted reagent blank additions as calculated from the 
manufacturers certiffcate of analysis o f  stock acid. 

of 8 of t h e  minimum whi le  f9r the  o ther  elements t h e  minimum concent ra t ions  
exceeded t h e  blank va lues  by f a c t o r s  o f  70-260. 
major i ty  of t h e  va lues  recorded f o r  p r e c i p i t a t i o n  (TabIes 8 and 9 ) ,  t h e  

reagent blanks are i n s i g n i f i c a n t .  

However, compared t o  the  

Analy t ica l  p r e c i s i o n  and accuracy were determined soon a f t e r  / 

i n s t a l l a t i o n  of the GFAAS system i n  J u l y  1975 as p a r t  of an i n t e r l a b o r a t o r y  
comparison of trace ana lyses  (Turner and Lindberg, 1976). This  experiment 
involved comparison of 4 l a b o r a t o r i e s  (ORNL, 2 independent a n a l y t i c a l  
chemistry l a b s ,  and one u n i v e r s i t y  a n a l y t i c a l  group) using s i m i l a r  P.E. 
GFAAS units t o  analyze r e p l i c a t e  n a t u r a l  water samples and d i l u t e d  EPA 
q u a l i t y  c o n t r o l  trace element s tandards.  Some r e s u l t s  r e l e v a n t  t o  t h i s  

d i scuss ion  are i l l u s t r a t e d  i n  Table 5. The reported prec is ions  ac tua l ly  
involve mom than simple a n a l y t i c a l  r e p r o d u c i b i l i t y  as samples and s tandards 
were divided i n t o  12 e q u a l  a l i q u o t s  i n  s e p a r a t e  prewashed polyethylene 
b o t t l e s  30 days p r i o r  to a n a l y s i s .  The l a b s  received 3 b o t t l e s  of each 
sample type. 
the o t h e r  l a b o r a t o r i e s  in both prec is ion  and accuracy, c e r t a i n  problems 
became apparent .  

Although ORNL performed as w e l l  or considerably b e t t e r  than 

These were pr imar i ly  t h e  prec is ion  of Zn and accurac ies  of  



Table 5. Sirnary o f  Per t inent  Ans l j t i ca l  q u a l i t y  Control Results Obtained from 
an ln te r l abo r i t o ry  Conparison o f  Trace Ana?ysis by GFAAS. Modified 
from Turner And Lindberg (1976). 

Precisfon', as Coef f ic ient  
o f  Var ia t ion (%) Accuracy* (expected and reported values i n  ug/ l )  

Lab 2 Lab 3 Lab 4 - - -  Expected 

R ' A ' f i k E A E &  
Cd 0.18 0.22 20% 3.1 44% 0.17 -6% 0.2 !1X :2% ?38% :22% +16% 

Ih 1.3 1.2  -8 0.8 -38 0 130 2.0 54 1 1 17 10 

Pb 2.8 3.6 29 4.5 61 2.1 -25 4.1 46 2 25 a 7 

0 36 Zn 1.0 0.9 10 3 100 0 100 5 400 44 14 

'Accuracy as r e l a t i v e  deviat ion frm expectel vr lue o f  EPA control sample. 

'Precision as coe f f i c i en t  c f  var fa t ion o f  analyses o f  rep l i ca t?  p rec ip i t a t i on  samples. 

'R = reported Concentr3tion (as mean o f  3 repl icates). 

'A = accuracy as defined above. i n  X .  

Pb and Cd aru lyses .  
i n i t i a t i o n  o f  f u l l - s c a l e  p r e c i p i t a t i o n  sampling Sor trace metals cn MBW 
allowed us  t o  eva lua te  and modify procedures then i n  use. As opera tor  
experience with the  GFAJS equipment increased through continued a n a l y s i s  of 
natural  water samples, both p r e c i s i o n  and accuracy improved considerably.  
Table 6 r e p o r t s  q u a l i t y  c o n t r o l  r e s u l t s  for another  series of EPA c o n t r o l  
samples prepared and analyzed fr90 1/76 to 2/77. AlthouQ t h i s  series of 
"standards" as suppl ied by EP.1 contained metals i n  higher  ccncent ra l ions  
than analyzed i n  t h e  f i rs t  set ,  we f e 9 1  the  r lesul ts  reflect an o v e r a l l  
improvement i n  q u a l i t y  c o n t r o l .  The prec is ions  are a l l (  10% and the  

accuracies i n d i c a t e  r e s u l t s  g e n e r a l l y  within 5% of  expecLed values  ( ranging 
from 19% l c m  t o  14% high). When compared with t h e  measured n a t u r a l  
v a r i a t i o n  o f  trace element concent ra t ions  Pn p r e c i p i t a t i o n  it is apparent  
t h a t  both accuracy and p r e c i s i o a  are s u f f i c i e n t  to q u a n t i t a t i v e l y  d e t e c t  
auch n a t u r a l  v a r i a b i l i t y  (see d iscuss ion ,  Table 8 ) .  

Completing t h i s  i n t e r l a b o r a t o r y  test 60 days p r i o r  t o  

I 



?able 6. Aiirlytical PreciFion and Accuracy for EPA Quality Control 
Trace Elewnt Samples Analyzed by GFAAS 

Expected Measured 
Cmicentraticn Concentration Precision' Accuracy* 

Element !ug/l) (rr9/l I ( % I  ( % I  
- - 
X tin X range - - - -  

Cd 5.2 5.1 3.4 16 0 -3 -19 t o  8 

c 26 25.2 1.3 13 5 - 3  -11 to 6 

Pb 22 21.9 0.9 19 4 -0.5 -5 to 7 

Zn 11 10.8 1.1 1Cl 10 -2 -17 to 14 - 
'Expressed as the coefficient of vzrirtlon ( u / g .  

'Expwssed as Uie relative deviation o f  the measured value from the 
true valve. 

Resul t s  and Discussion 

The major problems i n h e r e n t  i n  t h e  s tudy o f  t h e  chemical composition of 
rain have been well s t a t e d  by Galloway and Likens (1976). 
involve e fFic iency  of the  eampler to  c o i l e c t  a r e p r s s e n t a t i v e  sample, 

pos tdepos i t icna l  chemtcal a l t e r a t i o n s  of  thr? sample, s torage  e f f e c t s  on 

sample chemistry,  sample contamjnation, and t h e  d e f i n i t i o n  of what 

c o n s t i t u t e s  a p r e c i p i t a t i o n  event. Some aspec ts  of t h e s e  problems have been 

addressed i n  t h e  net'rods s e c f l o n ,  :he remGinder w i l l  be corxidered h e x .  

B r i e f l y  tbese  

- 
The problem of r e p r e s e n t a t i v e  p r e c i p i t a t i o n  sampling with autorcatrd 

devices l a r g e l y  relates t o  t h e  a b i l i t y  of the  sensor  head t o  d e t e c t  w e t f a l l  
as it occurs and to open t h e  device immediately. The c o l l e c t i o n  e f f i c j e n c y  

o? the M L  samplers was t e s t e d  by two methods over d i f f e r - n t  t h e  w a l e s .  

On an event  basis t h e  expected volume ca tch  OF a sample was c a l w l a t e d  given 

t h e  exposed f J a n e l  mrface area and q u a n t i t y  of rain measured a t  t h a t  site. 
This  y ie lded  e f f i c i e n c i e s  rangiog from 1% low t o  3% high,  averagirlg 1 %  low. 

Monthly checks were made by comprring volume ca tches  i n  b o t t l e s  placed 

i n s i d e  and ot l ts ide t h e  automatic sample?. These r e s u l t e d  i n  e f f i c i e n c i e s  

ranging from 16% low t o  18% high hut ,  as above,averaged 1% low. This 

i n d i c a t e s  that. from t h e  s tandpoin t  of representa t ive  p r e c i t i t a t i o n  

collection, event  sampling is also prefer red .  It is suggested t h a t  similar 
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checks be continued throughout a sampling program to a s s u r e  t h a t  c o l l e c t i o n  
e f f i c i e n c i e s  do not decrease w i t h  t i m e  as has been noted for some c o l l e c t o r s  
(Galloway and Likens,  1976). 

Given t h e  l i m i t e d  q u a n t i t y  of r a i n  o f t e n  c o l l e c t e d  and the  problems 
inherent  i n  obta in ing  r e p r e s e n t a t i v e  uncontaminated samples of "dissolved" 
trace c o n s t i t u e n t s  from " t o t a l "  samples by t h e  method of membrane f i l t r a t i o n  
(Marvin e t  al. ,  1970; Robertson, 1968; Spencer and Manheim, 1969; Morgan, 
1975) we decided to  analyze r o u t i n e l y  for only to ta l  trace element 
concent ra t ions  i n  r a i n  ( o p e r a t i o n a l l y  defined as t h a t  material i n  s o l u t i o n  
a t  pH : 1.5). 
g r e a t e r  than s imple  water so luble  metal concentrat ions for any given 
sample. However, some samples were f r a c t i o n a t e d  by f i l t r a t i o n  (0.5 F\ 

membrane) i n  the  l a b  or by a method of "in s i t u *  membrane f i l t r a t i o n  as t h e  

p r e c i p i t a t i o n  is col lec ted .  To date contamination problems have precluded 
t h e  use  of much of  t h i s  d a t a  w i t h  t h e  exception of "dissolvedqt Mn and Pb and 
"par t icu la te"  Zn (analyzed by d iges t ion  of t h e  p a r t i c l e s  r e t a i n e d  on t h e  

membrane f i l ter) .  
to be  88-95s i n  the dissolved phase, Pb 752 dissolved,  and Zn 8% p a r t i c u l a t e  
(hence 92% disso lved)  which sugges ts  t h a t  t o t a l  sample concent ra t ions  may 
represent  from 75-92s of the  t r u e  s o l u b l e  l e v e l s  of these metals. 

I n  general acid leachable  trace metal concent ra t ions  would be 

This  prel iminary data was u s e f u l  i n  t h a t  it indica ted  Mn 

The recognized problem of trace metal s t a b i l i z a t i o n  a g a i n s t  conta iner  
wall losses from aqueous samples (Morgan, 1975) was addressed by two 
methods. 
Ul t rex  HNO before placement i n  t h e  f i e l d  or p r e c i p i t a t i o n  samples were 
acidified t o  pH < 1.5 immediately upon r e t u r n  to  t h e  labora tory  by the  

Trace element sample b o t t l e s  were p r e a c i d i f i e d  wi th  concentrated 

3 

- a d d i t i o n  of concentrated Ul t rex  HN03 a t  the rate o f  5 m1/1000 m l  of  
sample. 

between conta iner  walls and trace elements (Pa t te rson  et al . ,  1973; Tolg, 
1972). While t h e  former method has the  advantage of a l lowing the  sample t o  
be a c i d i f i e d  as it is c o l l e c t e d  and w h i l e  it remains i n  the f ie ld ,  it has 
t h e  disadvantages of (1)  exposing the  i n i t i a l  r a i n f a l l  to  a concentrated 
acid medium r e s u l t i n g  i n  unknown chemical a l t e r a t i o n s  o f  t h e  sample as ne11 
as exposing other samples in the  HASL c o l l e c t o r  t o  s t r o n g  a c i d  vapors, ( 2 )  
uncont ro l lab le  f i n a l  a c i d  concentrat ion i n  the sample to be analyzed leading  
t o  both matr ix  problems and v a r i a b l e  acid blanks,  and (3)  greater chance of 

The la t te r  method assumes r e v e r s i b i l i t y  of any adsorp t ion  reac t ions  
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Contaminants leaching  from t h e  sample b o t t l e  while exposed to t h e  
concentrated a c i d  p r i o r  to  r a i n f a l l .  

Thus i f  it could be demonstrated t h a t  t r a c e  element-polyethylene 
s o r p t i o n  r e a c t i o n s  are r e v e r s i b l e  or simply not s i g n i f i c a n t  for t h e  t i m e  

period involved,  t h e  lat ter procedure of a c i d i f i c a t i o n  after c o l l e c t i o n  
would be d e s i r a b l e .  
placed i n  t h e  HASL samplers p r i o r  t o  a storm event. On r e t u r n  to t h e  
labora tory ,  fol lowing sample r e t r i e v a l ,  t h e  second b o t t l e  was a c i d i f i e d  as 
described above and both samples analyzed f o r  Cd, Mn, Pb, and Zn. This 
procedure was performed on 5 s e p a r a t e  storms. 
nonpreacidif ied (NPA)  sample concent ra t ions  from t h e  p r e a c i d i f i e d  f P A )  

sample concent ra t ions ,  expressed as (NPA-PA)/PA, were as follows: Cd -202, 

Pb -31, Mn + l % ,  and Zn +8$. Thus only Cd exhibi ted s i g n i f i c a n t  losses i n  
samples a c i d i f i e d  a f t e r  c o l l e c t i o n .  The low l o s s e s  (ga ins)  for Pb and Mn 
agree with observa t ions  of o t h e r  workers (Ter Ham et a l . ,  1967; Struempler, 

1976). 
concent ra t ions  as t h e  p r e a c i d i f i e d  samples had higher  a c i d  to sample ratios 
than those  a c i d i f i e d  i n  t h e  l a b .  Thus t h e  procedure chosen was 

a c i d i f i c a t i o n  o f  a l l  trace metal samples immediately fol lowing c o l l e c t i o n ;  
t h e  discrepancy f o r  Cd was judged t o  be on the  same order  as previously 
descr ibed limits of  a n a l y t i c a l  p rec is ion  and accuracy for lon l e v e r  Cd 
determinat ions.  

Duplicate  b o t t l e s ,  one preac id i f ied  and one n o t ,  were 

The mean devia t ions  of t h e  

The apparent  i n c r e a s e  i n  Zn l e v e l s  may relate t o  higher  blank 

A f u r t h e r  test of  the r e l i a b i l i t y  and u t i l i t y  of t h e  p r e c i p i t a t i o n  
network was to  determine the prec is ion  of r e p l i c a t e  samples from a single 
HASL c o l l e c t o r  f o r  i n d i v i d u a l  rain events .  Four events  were sampled wherein 
d u p l i c a t e  bott les were used in one c o l l e c t o r  for trace metal, s u l f a t e ,  and 
pH determinat ions.  The r e s u l t s  are summarized i n  Table 7. The p r e c i s i o n  of 
r e p l i c a t e  samples ranged from < l  to  26% with Cd and Zn e x h i b i t i n g  t h e  
l a r g e s t  v a r i a b i l i t y .  
earlier. The importance of t h i s  type o f  prec is ion  determinat ion,  which 
represents  a combination o f  sample c o l l e c t i o n ,  handling, preserva t ion ,  and 
a n a l y t i c a l  r e p r o d u c i b i l i t y ,  is f o r  comparison with observed "natural"  
v a r i a t i o n s ,  
p r e c i p i t a t i o n  trace element chemistry and meteorologic, l o c a t i o n a l ,  
seasonal ,  and a i r  q u a l i t y  parameters cannot be reached unless  n a t u r a l  
v a r i a t i o n s  can be  resolved from procedural  v a r i a t i o n s .  

This  agrees with the  instrumental  p r e c i s i o n s  reported 

The g o a l  of i d e n t i f y i n g  mechanistic r e l a t i o n s h i p s  between 



Table 7. Results o f  Replicate Sampling o f  Storm Events for 
Determination of Overall Procedural Precision 

Event S t a t i s t i c  Cd Mn Pb Zn sops PH 

1 replicates' 0.18.0.17 1.1,0.79 3.5.3.4 6.2.8.4 550,580 4.02.4.29 
preci sion2 3 16 1 15 2 3 

2 replicates 1.2,Z.O 1.3,1.5 5.8.4.8 - 530.490 3.77,3.94 
precision 25 7 9 3 2 

precision 9 6 4 10 <1 <1 

- 
3 replicates 0.31,0.26 1.9.1.7 5.3.5.7 1.7,1.4 1180.1170 3.81.3.83 

4 replicates 0.17.0.10 0.4.0.3 6.1.5.4 0.42.0.28 543,540 4.59.4.31 
precis ion 26 14 6 20 <? 3 

U 12 5 3 - 5  1 1 
man precision 16% 11% 5% 15% 2% 2% 

'Concentrations i n  pg/1. 

*Precision as coefficient o f  variation o f  the mean. 

The r e s u l t s  of t h e  i n i t i a l  year ' s  e f f o r t  with the  network are summarized 
I n  Table 8 which p r e s e n t s  measured  concentrat ion ranges and c o e f f i c i e n t s  of 
v a r i a t i o n  ( r e l a t i v e  s tandard  devia t ions  of  t h e  arithmetic means) for 
i n c i d e n t  p r e c i p i t a t i o n  (I) and throughfa l l  ( T )  f o r  a l l  si tes dur ing  
9/75-8/76. Also included are mean c o e f f i c i e n t s  of  v a r i a t i o n  between 

d i f f e r e n t  I si tes or T s i tes  f o r  a l l  storms sampled ( t h u s  represent ing  
l o c a t i o n  e f f e c t s  f o r  given events )  and c o e f f i c i e n t s  of v a r i a t i o n  f o r  any 
given s i t e  over t h e  year  ( t h u s  represent ing  temporal e f f e c t s  a t  i n d i v i d u a l  
s i t e s ) .  I n  s tudying p r e c i p i t a t i o n  chemistry of t r a c e  elements, it m u s t  be 
accepted t h a t  large concent ra t ion  v a r i a t i o n s  do occur. 
t h i s  po in t  f o r  var ious combinations o f  t h e  r a i n  da ta .  
a t  one loca t ion  and t i m e  dur ing  t h e  year an i s o l a t e d  measurement of a trace 
element concent ra t ion  can g i v e  a value which v a r i e s  by up to  loo$ or  more 
from t h e  mean. 
network over an annual cyc le  t o  determine w s t f a l l  inputs .  

' 

- 
Table 8 i l l u s t r a t e s  

In  p y  one storm or 

This emphasizes t h e  importance o f  employing a m u l t i s i t e  

Comparing t h e  observed v a r i a b i l i t i e s  with t h e  est imated o v e r a l l  
procedural  p r e c i s i o n s  presented  i n  Table 7 g i v e s  an i n d i c a t i o n  of t h e  
p o s s i b l e  s i g n i f i c a n c e  of s p a t i a l  and temporal e f f e c t s  on p r e c i p i t a t i o n  

chemistry. For most data combinations t h e  observed v a r i a b i l i t i e s  exceed t h e  



Table 8. Observed Variabllity i n  Precipitation (Incident = 1 .  
Throughfall = T )  Chemistry for  the Period 9/75-8/75 

Sample Descrtptlon Cd Mn Pb 2n s o p  
All I ,  rnnge (ug/i) 
A l l  I, C.V. !%I 
A l l  T, range (&I)  
A l l  T, C.V. (I! 

Storm T. C.V. ( 9 )  
StJrm I ,  C.V. !SI' 

0.01-3.4 0.03-8.40 0.34-12.0 1.3-36 360-1 920 
108 97 54 111 48 

0.11 - 3.7 19.5-1 13 3.5-8.1. 4.1-18.0 730-6600 
130 75 26 38 76 

86 48 45 79 4 
96 57 19 39 25 

Indivioual Staticns i: . U . . x  --- 
1. ground level (GI) 8Z 82 57 77 42 
I ,  above canopy (CI) 188 138 42 96 45 

'iti. pairad w f t h  GI 46 76 i a  42 92 
95 26 42  35 12 

20 73 108 26 25 
112. psired w i t h  CI 
TX3 
T94' - - - - - 

'Storm values are presented as ths  averages of the coefficients of variation calculated fo r  
each storm saepled for e i ther  a l l  I s i t e s  or e l l  T s i t e s .  

f 
'Individual s ta t ion  coefficients o f  variation are caiculated for  any one s ta t ion  based on 
12 months data. 

'Thrcughfall s i te #+ was not operational for a suffictent length of time to  be included. 

procedural  p r e c i s i o n s  hy > 2  t o  46 times. 
during storm events  occrlr f o r  a i l  elements In bo th  inc ident  p r e c i p i t a t i o n  
and throughfa l l .  Tempora? e f f e c t s  on r a i n  chemistry a r e  s j s n i f i c a n t  both 
above  a n d  below t h e  i c f l u e n c e  of t h e  i o r e s t  canopy for  Pb, Zn, and SO,,-S 

a t  a l l  si tes and Cd and Mn a t  a l l  bu t  one site. However, f o r  c e r t a i n  
elements t h e  smallest observed coeff ic!  e n t s  uf v a r i a t i o n  are wi th in  a f a c t o r  
of 2 of t h e  procedural  p r e c i s i o n s  (e .g . ,  measwed v a r i a b i l i t y  of Cd a t  
Tt3). For theae values t h e  s i g n i f i c a n c e  of the  measured v a r i a t j o n s  may be 
quest ionable .  Research is present ly  undeiaway t o  determine t h e  f a c t c r s  
c o n t r o l l i n g  each type o f  observed v a r i a b i l i t y .  Speculat ion on t h e  f a c t o r s  
c o n t r o l l i n g  r a i n  chemlstry and t h e  geochenicG1 s i g n i f i c a n c e  of prec ip l t , a t ion  
and d r y f a l l  i n p u t s  to  mineral eye l ing  i n  Walker branch Watershed is 
discussed elsewhere (Turner 2nd Lindberg, 1977; Lindberg e t  a l . ,  19773. 

Thus s i g n i f i c a n t  s i t e  e f f e c t s  

I 

I comparison of trace elz,nePt ccncentrat ions i n  inciclent p r e c i p i t a t i o n  
a t  UBil with o t h e r  research  l o c a t i o n s  j a  presented in Table 9.  The values  
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Table 9. Trace Element Concentrations i n  
Precipitation a t  Diverse Locations 

Station Concentrations in Rain (ug/l) 
Location 

Type Cd Mn Pb Zn SOi-S 

32 U.S. Stations' mixed - 12 34 107 - 
8 Delaware Watersheds' agricultural 7.5 - 7.1 - - 
M t .  Moosilayke, New 

Coweeta Experimental 

Hubbard Brook Experimental 

Chadron, Nebraska 

7 Stations in the United 

1 Station i n  the United 

Yalker Branch Watershed. 

Hampshire 

Watershed. North Carolina' 

Watershed, New Hampshire' 

Kingdom' 

Kingdom' 

Tennessee8 

- forested 0.6 - 13.4 - 
forested - - - -  670 

1100 forested - - 
rural 0.26 5.4 4.3 10 - 

- -  

- urban 18 - 173 - 
- 25 - rural  32 - 

forested 0.89 1.5 5.5 7.1 840 

'Lazrus e t  a l . ,  1970. 
'Biggs e t  a l . ,  1973. 
'Schlesinger e t  a l . .  1974. 
'U. Swank, personal comnuni ca t  ion. 
%. Likens, personal comnunication. 
'Streumpler , 1976. 
'Harrison et  a l . ,  1975. 
'This work. / 

- for WBW, M t .  Moosilauke, Chadron, Coweeta, and Hubbard Brook are weighted 
mean concent ra t ions  ( total  m a s s  of' an element deposi ted d iv ided  by total 
r a i n f a l l  volume sampled; Likens et a l . ,  1967) whi le  o t h e r s  are given as 
arithmetic means. Although d i f f e r e n t  methodologies were employed i n  each of  
these studies it is i n t e r e s t i n g  to note  t h e  very l a r g e  v a r i a t i o n s  i n  
repor ted  mean trace element concent ra t ions  i n  r a i n .  
factor of 8, Zn over  a f a c t o r  of 16, Pb over a f a c t o r  of' 31, and Cd over a 

factor of 123. This  obviously relates t o  d i f f e r e n c e s  i n  s i te  
characteristics wi th  respect to  proximity t o  major urban o r  i n d u s t r i a l  
c e n t e r s .  Although l i t e r a t u r e  data are sparse, the lowest concent ra t ions  
c o n s i s t e n t l y  occur i n  t h e  r u r a l  Nebraska l o c a t i o n  or i n  one of the 

Manganese ranges over a 
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r e l a t i v e l y  remote fores ted  areas. Comparing our preliminary da ta  with t h a t  

of o t h e r  workers, it appears t h a t  precipi t .a t ion t r a c e  element concent ra t ions  

I n  WBW are not  signi!Ycantly e leva ted  a b w e  those reported i n  more remote 
areas. 
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APPENDIX B 

WALKER BRANCH WATERSHED PRECIPITATION AND THROUGHFALL DATA, 1976-1977 
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Fig. B1. TemporaJ variations i n  the concentratSon o f  Cd i n  incident 
pt.ecipitation from May 1976 t o  December 197?. 
at  one s t a t ion  are represented by individuaf circles. 
sampled a t  more t h a n  one station are represented by circles  
(mean concentration) intersected by vertical lines (range 3n 
concentrat ions 1. 
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Fig. B2. Temporal variations in the concentration o f  Mn in incident 
precipitation from May 1976 to December 1977. Events sampled 
at one station are represented by individual circles. Events 
sampled at more than one station are represented by circles 
(mean concentrat ion) intersected by vertical lines (range 
in concentrations). 
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F i g .  63. Temporal variations in the concentration o f  Pb in incident 
precipitation from May 1976 to December 1377. 
at  one station are represented by individua? circles. 
sampled at more than one station are represented by circles 
(mean concentration) intersected by vertical lines (range in 
concentrations ) . 
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Fig. B4. Temporal variations i n  the concentration o f  Zn i n  incident 
precipitation from May I976 t o  December 1977. 
a t  one station are represented by i n d i v i d u a l  circles.  
sampled at  more than one station are represented by circles  
(mean concentration) intersected by vertical lines (range i n  
concmtr atisns). 
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INCIDENT PRECIPITATION 

Fig. B5. Temporal variations in the concentration of sulfate in 
incident precipitation from May 1976 to December 1977. 
Events sampled at one station are represented by individual 
circles. Events sampled at more than one station are 
represented by circles (mean concentration) intersected by 
vertical lines (range in concentrations). 
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Fig.  B6. Ternpor'al variations i n  the concentration o f  pH i n  incident 
precipitation from May 1976 t o  December 1977. Events sampled 
at  one station are represented by individual circles. Events 
sampled a t  more t h a n  one s t a t i o n  are represented by circles  
(mean concentration) intersected by vertical lines (range i n  
concentrations ) . 
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‘Fig.  B7. Temporal variations i n  the conccntration o f  Cd i n  incident 
precipitation from March 1976 t:, Decsrnber 1977. 
sampled a t  one s t a t i o n  are represented by i n d i v i d u a l  
tra’angles. 
represented by trfangles (mean concentrbtion) intersected by 
vertical Sines (range ic concentrztions). 
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Fig.  B8. Temporal variations i n  the concentration o f  Mn i n  incident 
precipitation from March 1976 t o  December 1977. 
sampled at  one s t a t ion  are represented by i n d i v i d u a l  
triangles. 
represented by triangles (mean concentration) intersected by 
vertical lines (range i n  concentrations). 

Events 

Events sampled at  more t h a n  one s t a t ion  are 
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Fig. B9. Temporal variations in the concentration of Pb in incident 
precipitation from March 1976 to December 1977. Events 
sampled at one station are represented by individual 
triangles. Events sampled at more than one station are 
represented by triangles (mean concentration) intersected by 
vertical lines (range in concentrations). 
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Fig. B10. Temporal variations i n  the cotxentration o f  Zn i n  incident 
precipitation from March 1976 t a  December 1977. 
sampled at  one station are represented by individual 
triangles. 
represented by triangles (mean cwicentration) intersected by 
vertical lines (range sn concentrations). 
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Fig. 811. Temporal variations in the concentration of sulfate in 
incident precipitation from March 1976 to December 1977. 
Events sampled at one station are represented by individual 
trtangles. Events sampled at more than one station are 
represented by triangles (mean concentration) intersected by 
vertical lines (range in concentrations). 
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ON CONCENTRATIONS IN RAIN AND THROUGHFALL 
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STATISTICAL CONSIDERATION OF TEMPORAL AND SPATIAL EFFECTS 
ON C ~ ~ ~ ~ ~ R A T I O N S  IN RAIN AND THROWGHFALL 

Spati a1 Var iabil i ty 

Because o f  the Jarge variability in rain and throughfall chemistry 

during the 2-year study and because of the nature of the distributions 

of the data previously described, it is useful to initially compare 

plots of percentiles data sets at each sample location. 

were illustrated and described in detail in Chapter V. 

C2 contain such plots for all elements in rain and throughfall by 

sample site. 

element i n  rain or throughfall showing overall range, interquenlile 

range (25th t o  75th percentiles), median, selected upper level 

percentiles, and number o f  observatins. 

far preliminary, visual, comparisons of diverse data sets, since they 

provide a simple sumnary of the data in any given set. 

These sites 

Figures C1 and 

Each plo t  illustrates the frequency distribution o f  an 

The utility of these plots i s  

- 

The plots of incfdent precipitation in Figure C1 reveal some 

interesting trends, Median values o f  Cd and Zn concentrations in rain 

are higher a t  the GI (ground level) site than the CI (above canopy) 

site, although the interquartile ranges are somewhat smaller and show 

considerable overlap between sites. 

is true with the GI site showing lower median values but somewhat 

greater in€erquartile ranges, still with considerable overlap, 

however. 

For Pb and SO; the opposite 

For Mn the interquartile range arid median concentration at 
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Fig. C1. Plots o f  percentiles o f  concentrations in incident 
precipitation at two rain sampling sites during 1976-1977. 
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Fig. C2. Plots of percentiles n throuqhfall at four o f  concentrati - - 
below-canopy sampling sites during 1976-1977. 
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the GI s i t e  are b o t h  somewhat higher than a t  the CI s i te .  

b o t h  the median and interquarti le range are lower a t  the ground level 

s i t e  t h a n  the above canopy s i t e .  

For H', 

In the case of throughfall,  s i t e  variabil i ty i n  chemistry is 

i l lustrated i n  F i g u r e  C2. 

consistently higher median concentration and generally higher 

interquartile range at  t h e  74 s i t e  (single chestnut oak tree) for each 

element. 

The most obvious trend i n  these p l o t s  is the 

With the exception o f  SO;, the TI s i te  (beech-poplar) 

. exhibited generally lower median levels and interquartile ranges. For 
4- 

Cd, Pb, Zn, and H however, the interquartile ranges show 

considerable overlap from s i t e  t o  s i t e .  

perhaps SO:, are there obvious differences i n  b o t h  median 

concentrations and intcrquartile ranges between s ta t ions .  

Only i n  the case o f  Nn, and 

I 

As indicated on tk frequency plots the number of observations at  - 
each s t a t i o n  were not equa l ,  For various reasons including isolated 

power outages dur ing  storm sampling, sampler. malfunction, maintenance 

work, and occassional visible contamination of a sample by b i r d  feces, 

insects, etc.,  samples were not collected a t  a71 locations dur ing  every 

event. Thus ,  t o  more accurately determine the significance of the 

trends indicated by the percentile p lo ts ,  separate, balanced data sets 

were,compiled for both rain and throughfall samples consisting of 

several events sampled simultaneously at  b o t h  incident precipitation 

s i tes  or at  a l l  4 throughfall s i tes  over the 2-year period. 

preclude seasonal or ra in  volume biases i n  this data, events were 

To 

selected from each season and ranging i n  r a i n f a l l  from 0.2 t o  6.6 cm. 
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The data yielded 12  such events for incident precipitation and 8 f o r  

throughfall. Because of the non-normality of the d a t a  distributions 

and the limited number of observations i n  these two data sets ,  

ncnparametric tests were utilized ti? determine s t a t i s t i ca l ly  

significant differences between s i tes  f o r  either r a in  or  th roughfa l l  

chemistry. For the rain data (CI vs GI s i t e s )  the Wilcoxon signed rank 

test was used whiie i n  the m u l t i p l e  s i t e  case of throughfall Friedman’s 

rank sum t e s t  was appljed (Hol’lander and Wolfe, 1973). 

The results of the nonparametric t e s t s  are summarized i n  Figure 31 

( i n  the text,  Chapter V) which presents 3 comparison of the mean 

values, standard errors of the means, and s t a t i s t i ca l  significance of 

differences between s i tes .  Differences were tested at  b o t h  the 0.01 

and 0.05 probability levels of significance and are so indtchted on the 

figure. Al though  the trends notcd above far  the comp7e-h Sncldent 

precipitation data se t  are s t i l l  apparent (i.e.,  Cd artd C m  xxr,ewhat 

higher a t  GI; Pb, and Zn, and SO; comparable a t  both  s i tes ;  H’ 

somewhat lower at  GI s i t e )  only for Mn was there a h igh ly  significant 

(P 50.01) difference i n  rain chemistry between the GI and CI s i t e s  (CI 

mean concentration = 1.7 2 0.4 pg/ l ;  GI = 2.6 f 0.5 pg/l). In addition 

there were somewhat less significant (P 20.05) location effects on Cd 

concentration (CI, r =  0.42 f 0.10 p g j l ;  GI, r =  0.74 k 0.23 pg/ l )  and 

on H’ concentration (CI, 

The tes t s  were used w i t h  both two sided hypotheses (CI = GI) and one 

sided hypotheses (GI > CT or GI < CI). 

significant s i t e  effects the one sided tes t s  yielded the following: 

= 74 -t 11 pg/l ;  GI, = 0.068 5 0.011 bg/J) .  

For the elements w i t h  
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for Mn the n u l l  hypothesis t h a t  GI 2 CI could not  be rejected a t  the 

0.01 level, simi!wly for Cd t5e hypothesis t h a t  GI 5 CI could not be 

rejected at  the 0.05 levsl while for H+ the hypothesis that GI 5 CI 

could not be rejected a t  the 0.05 level. I t  is worth n o t i n g  t h a t  the 

significance ~f the St8t' ion differences for MJI and H+ is d i f f icu l t  t o  

discern from Figtrre 31 (F k SE) i n  Chapter V. 

used i n  the nonparametric tes t s  indicated t h a t  for b o t h  Mn and H , 
However, the calculation 

+ 

although the differences bztween CI and GI werla small, the arithmetric 

.- s i g n  of the differences was consistent, In every event sampled the GI 

concentration of Mn exceeded the concenti-ation a t  CI while i n  the case 

of H every storm b u t  one exhibited equal or lower ti+ concentrations 

at  the GI s i t e  relative t o  the CI s i te .  

+ 

The differences i n  Nn and HS e o x e n t r a t i o n s  between the ground 
/ 

level and above cano2y incident precfpStation s i t e s  mcy be related t c  

the possible canopy interception effects described above for tile GI 
- 

s i te .  Rain marginally interacting w i t h  the edges o f  the canopy before 

being collected by the GI sampler would be expected t o  show enrichmnnt 

i n  the element whose concentratim i s  most strongly influenced by 

canopy interception, For the suite of elements studied here, this 

element is Mn (as indicatea hy a comparison of mear? values it? rain and 

througtifall i n  Table 26, Chapter V ) .  

the effect  of the canopy on H+ chemistry is generally t o  decrease the 

H+ levels i n  throughfall r e l i t i ve  t o  rain. 

In addition; as discusscd above, 

T h i s  effect  i s ,  however, 

less pronounced t h a n  the Mn effect ,  be ing  both  seasonally dependent and 

site specific. T h i s  may acccunt for the fac t  t h d t  the location effect  

on H' i n  incr'dent raip was sonewhzt less significant ( P  5 0.05). 
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Figure  31, Cnapter V,  also i l lustrates the differences i n  mean 

throughfall concentrations f o r  storms sampled simultaneously a t  al l  4 

sites. As noted earlier f o r  the complete d a t a  se t  (Figure C2), s i t e  T4 

generally exhibited the highest elemental concentrations i n  throughfall 

while T1 exhibrts the Icvest. 

tests indicated only one series o f  sigiiificant s i t e  effects, those for 

Mn. Site T4 produced t h r o u g h f a l l  w i t h  a significantly greater Mn 

concenlratim t h a n  T1 (P 

and T3 (P 

between T1, T2, and T3 I? > 0.65). 

there is a trend o f  somewhat lower throughfall concentrations for 511 

elements beneath the beech-poplar canopy (TI )  compared t o  the chestnut 

oak canopies, there are gerrerally no significant differences between 

Despite this trend the nonparametric 

0.01) and marginal?y greater t h a n  s i tes  T2 

0.05), although there were no significant differences 

Thus it appears t h a t ,  although 

the two canopy types. zather, the significant di.;ference f o r  Mn 

concentraticns i n  t h r o u g h f a l l  is between the beech-poplar s i t ?  atid one 

specific chestnut oak s i t e  (single-tree s i te )  i n  throughfa77 Mn 

levels, 

- 

I t  is Snteresting t h a t  the element i n  rain whose concentration 

is most strongly influenced by interaction w i t h  the fcrest caqopy, Mn, 

i s  the only element t o  exhibit significant location effects in 

throughfall. The nature o f  this interaction, including a discussion of 

the sources of varistis elements i n  throughfall, is presented i n  a 

subsequent section Sn more detail. 

data presented i n  Chapters IV, V, and VII, t h a t  Mn is the only element 

I t  appears front t h i s  discussion and 

o f  the group studied here whose concentration i n  throughfall results 

primarily frorii internal leaf leaching and only t o  a minor extent from 

surface assxiated dry deposition. Thus Mn would be the mcst likely of 

I 



the elements studied t o  exhibit differences i n  t h r o u g h f a l l  

ccncentrations bweath diffwent canopy typcs or between different age 

class trees of the same species. 

Temporal Variability 

The seasonal distribution of a l l  chemical d z t a  collected d u r i n g  

1976-1977 is pinesentsd i n  Figures C3 and C4, i n  the form of percentile 

plots (described i n  the previous section). The seasons l isted i n  the 

figures are related t o  eonditicns of the deciduous forest canopy and 

roughly correspond t o  the nztural seasonal cycle w i t h  "dormant" 

comprising the months of November t o  February; "budbreak" includes the 

months of March ana April and is the period d u r i n g  which a l l  major 

deciduous forest species are forRitig new leaves; 9naxirnu4n y*owth"  runs 

from May t o  August and represents the period of maximum leaf gtowth and 

canopy development; and "senescence" which includes September and 

October and is the period d u r i n g  which deciduous species are i n  the 

process of losing their  lezives. 

From the figures it is apparent t h a t  seasonal v a r i a t i o n s  are quite 

complex w i t h  each constituent exhibitiilg unique trends for incident 

precipitation and th roughfa l l .  

Cd i n  bo th  rain and th roughfa l l  occurred d u r i n y  the dormant and maximum 

growth periods (as .  shown by the interquartile ranges); the 

concentration o f  Mn, Pb, and S O i  each reached maxima i n  both rain 

and throughfall d w f n g  thz maximum growth period; Zn concentraticn 

peaked dur ing  the senescence period; while ti i n  rain was highest 

du r ing  maxiinurn growt!? whi le i n  throughfall H was hSghest d u r i n g  

Fcr example, somewhat higher levels of 

+ 
+ 

I 
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Fig. C3. Plots of percentiles of concentrations in incident 

precipitation within each of four periods of canopy 
development during 1976-1977. 
correspond to the four seasons as follows: 
Nov.-Feb. (% winter); Budbreak, Mar.-Apr. (% spring); 
Maximum Growth May-Aug e (2, summer) ; Senescence Sept, - 
Oct. (%'fa1 1 ) . 

These periods roughly 
Dormant, 



507 

THROUGHF*L bY S U S S  THhOUCHFALL BY S W N  

a- 

5 '; 
I '  

1 :: 
3 I)- 

I. 

I- 

t. 

I 

N..r 

ii. 

BUD. 

0 

W R .  BUD 
ALL 

T 

. - " O D E  

MAX 

34 

i-- t 

1 

T' 

SEN 

17 

MAX SEN 

I 

I 

WR . ILL 

1 

T * "  

KEY 
BUD UAX SM. 

0 34 n 

I, 
BUD. MAX. SES. 1(F( 

e a4 n 

,," .ID 

1: 
..ea n 
L 

n.u E ..IO 
m 

WR BUD. NIX.  SCH. 
L 1.L 

au 
WR BOD. U X .  SEN. 

u1. 

smipb  m 14 I1 35 n smpt. Bo m I SL n ota a h  

Fig. C4. P l o t s  o f  percentile$ o f  concentrations i n  througWal1 w i t h i n  
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508 

dormant and maximum growth. 

considerable overlap of the seasonal data d i s t r i b u t i o n s  for  any one 

element, w i t h  the exception of Zn and H+ i n  incident precipitation 

However it i s  clear t h a t  there is 

and Zn i n  throughfall. 

i n  the case of Cd i n  ra in ,  for example, the mean concentration for 

different seasons could be strongly influenced by a relatively small 

number of h i g h  concentrations (those above the 75th percentile) even 

though the median values are similar and the interquartile ranges 

I t  is  also clear from the frequency plots t h a t  

.. overlap. 

W i t h  this i n  mind analysis o f  variance (ANOVA) was used to  

determine significant seasonal effects on ra in  and throughfalJ 

chemistry. 

the possible effect  of rain valume, and the previously discussed effect  

Because of the lognormal d i s t r i b u t i o n  of most of the da ta ,  

o f  station location on some o f  the parameters a number of models were 

tested. The i n i t i a l  model was devised t o  tes t  f o r  seasonal and annual 
- 

effects on elemental concentrations using a rnodified data set  

containing only those elements for which  no highly significant s t a t ion  

effects had been found ( P  - < 0.01; i.e., a l l  elements except Mn). 

significant location effects were not found for these parameters the 

Since 

data sets were modified by replacing every group of "replicate" 

observations o f  either incident or  throughfall elemental concentrations 

for any given event by a single concentration equal t o  the mean of the 

ffreplicate" concentrations. 

the to ta l  number of observations i n  the data sets,  i t  satisfied the 

requirements for  the use of ANOVA concerning independence between 

A l t h o u g h  this had the effect  of decreasing 

observations. In the case of Mn which exhibited significant s t a t i o n  

. 
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effects,  the ANOVA tes t s  were r u n  on indiv idua l  stations. 

to  better sat isfy the other ANOVA assumptiors of normzlity i n  the data 

d i s t r ibu t ions ,  t k  tes t s  were ruri using log  transformed concentrations 

i n  the case o f  Cd, Mn, Pb, Zn,  and sulfate (which exhibited lognormal 

d i s t r i b u t i o n s ) .  

transf ormati on s i  rice they exh i b i  ted normal d i s t r  i b u t i o n s  . 

In addition, 

Hydrogen ton coccentrations were tested without 

T h i s  i n i t i a l  model fgnored the effect of year and season on 

rainfall  volume which, manifested as differences i n  precipitation 

amount per event for esch season or year, could have an effect  on r a in  

chemistry, 

~ 

The model was defined as a two factor main effects analysis 

of variance w i t h  one crossed f a c t o r :  

C i j k  = ;1 -b s i  f '{j -'r (s  * Y ) i j  4- f i j k  ,/ 

(where-C = elemental. concentration i n  rain or throughfall, v = constant, 

S = seasonal effect, Y = annual effect, S * Y = season by year 

interaction effect, f = error residual). Thus if ANOVA yielded highly 

significant effects w i t h  the above model for any given element i n  r a i n  

or throughfall, (P  5 O . Q i f ,  Duncan's new multiple range t e s t  (Duncan) 

was used to distinguish significant diffzrsnces between seasonal or 

annual concentratiens. The results o f  these canparisons are sumarized 

i n  Table 27, Chapter V. The table presents annual and seasonal average 

concentrations and standard errors for the modified data set indicating 

significant differences as determined by ANOVA and Duncan. Annual  or 

seasonal mean values followed by the same or no l e t t e r  are not 

significantly differa-it (P > 0.01). 
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Concentrations of each element in rain and throughfall, with the 

exception of Zn, exhibited the trend of higher concentrations in 1977 

compared to 1976, although in no cases were the differences 

significant. 

somewhat higher than that for those sampled during 1977 (3.7 cm vs 

2.9 cm) which may partially account for the trend toward higher 

concentrations during 1977 for Cd, Pb, and SO; in both rain and 

throughfall. 

during 1977 relative to 1976 can not be due to a similar trend in the 

The mean rain volume for the events sampled in 1976 was 

However, the higher concentration of HS in throughfall 

incident rain which actually decreased in mean Hf concentration from 

1976 to 1977. Rather the higher throughfall concentrations of HS 

relate to the influence of a 4-week period during the sumner of 1977 

when the throughfall HS concentrations approached and, on occasi,on, 

exceeded the incident rain concentrations. 

any effect o f  the fully deve'loped forest canopy in scavenging ti' from 

incoming rain during this period. 

detail in in detail Chapter V. 

considered for each individual station (sumnarized in Table-28, 

Chapter V ) ,  there were higher concentration levels during 1977 at all 

stations except T2. However, only for the two incident stations were 

the between year differences significant.; The necessity t o  consider Mn 

on a station by station basis may have precluded the discovery of more 

significant effects because of the more limited data sets which had to 

be used. This is especially true in the case of seasonal effects on Mn 

concentrations. As discussed above the frequency plots of the combined 

Mn data set indicated higher levels in rain and throughfall during the 

This suggested little if 

This phenomena was discussed in 

Similarly for Mn, which had t o  be 
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maximum growth period. However, as Table 28 (Chapter V )  

this is not reflected a t  a l l  stations. The above canopy 

indicated, 

s i t e  (CI) .. 
experienced somewhat higher f4n concentrations d w i n g  budbreak while a t  

the ground level incident s i t e  the highest concentrations occurred 

d u r i n g  the maximum growth period. This is related t o  the canopy 

interception effect  a t  the station, as described above, which is 

expected t o  be more pronounced d u r i n g  F u l l  canopy development. 

case of the throughfall s i t e s ,  the beech-poplar canopy ( T l )  yielded 

highest Mn levels during 7eaf senescence, the multiple tree chestnut 

oak s i t e s  (T2, T3) showed relatively l i t t l e  seasonal variations i n  Mn 

levels, while the single t ree  chestnut oak s i t e  (T4) exhibited 

considerably higher Mn concentration dur ing  the maximum growth period. 

I t  is apparent t h a t  the stat-fon differences i n  throughfall, Mn 

csncentratons discussed above are further mznjfested i n  the seasonal 

behavior of Mn concentrations i n  throughfall beneath various canopies. 

In the 

Significant seasonal effects ( P  5 0.01) were found for a l l  

elements except Cd and Pb i n  ra in  and Cd and H+ i n  t h roughfa l l  

(Table 27, Chapter V ) .  

element were different, i n  general the seasonal trends for any element 

i n  rain were reflected by similar trends i n  throughfall. T h i s  is true 

for Pb, Zn, and SO; where the seasokl  patterns between rain and 

throughfall were identical, and for Cd t o  a lesser extent. T h i s  

suggest that ,  although the forest  canopy has an obvious influence on 

the chemistry of rain passing t h r o u g h  i t ,  the composition o f  

throughfall is s t i l l  somewhat related t o  the composition of the 

incoming rain. 

A7though the seasonal variations for each 
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Maximum concentrations of Pb and S9: i n  b o t h  r a i n  and 

throaghfall occurred dur ing  the ntaximum growth period, when the 

deciduouc canopy was fu l ly  developed. The levels of SO; d u r i n g  

maximum growth were sSg:\ificantly different from a l l  other seasonal 

concentratims i n  both incident precipitatiofi and throughfall. The 

seasonai differences for Pb were n o t  significant in r a i n  but were i n  

throughfall ( P  5 0.0:). Hydrogen ion i n  r a in  exhibited h-ighest 

concentrations dur ing  maxinium growth w i t h  the levels d u r i n g  the period 

being significantly different from budbreak and senescence b u t  not  

dormant. A l t h o u g h  the highest seasonal if concentration i n  incoming 

rain occurred dur ing  the maximum growth period, the abi l i ty  of the 

fu l ly  developed canopy t o  scavenge hydyogeri icfns was evident i n  the 

considerably decreased concentration o f  f-l 

period. However, d u r i n g  the rlmnarrt, leafless pcriod t w  inciderit and 

th roughfa l l  H 

throughfall occilrring a t  the time. 

exchange s i t e  for H' i s  considered i n  detail i n  a subsequent 

section. 

conceotrations d u r i n g  the senescence period w i t h  the incident r a in  

+ 

+ i n  t h r o u g h f a l l  d u r i n g  this 

+ levels were ccmparable, w i t h  the paEc concentration *in 

The role of the canopy as an 

Zinc i n  b o t h  rain and throughfall occurred i n  highest 

concentration being significantly different from al l  other sezsons. In 

throughfall the concentration of Zn d u r i n g  this period was 

significantly different o ~ l y  from t6e budbreak concentration. 

i n  rain and throughfall d i d  not exhibit any significant seasonal 

effects althotigh the trend was for highest concentrations i n  ra in  t a  

occur durin5 dornart ar,d highest throughf3ll covcentrations d u r i n g  

Czdmium 

maximum growth. 
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As a ffnal test of the validity of the above seasonal effects a 

second ANOVA model was used which inclLded the effect of rainfall 

volume per event for each sample. 

using the same models described above but including the continuous 

variable "measured precipitation" is a covariable in each mod+??. 

variations of exh wigin31 model were used: 

The analysis of variance was done 

Two 

one assuming parallel 

slopes of nieasured precipitation \rs elemental concentration for a given 

element in each season (-i.e., the effect of rain volume on the 

concentration of an element in rain or throughfall is the same during 

each season), ar?d a second assuming separate slcpes for each season 

(i.e., different effects of rain volume on elemental concentrations 

during each season). 

The inclusion o f  the rain volurnc convaraiate did not substantially 

alter the conclusjo,is of the ANOVA models discussed above. 

the analysis of covariance models did indicate a significarit influence 

of precipitation volume on a11 eleinentsi concentrations except for Zn 

in rain and Zn and H+ in throughfall, Where significant rain volume 

However, - 

effects were seen, the slopes o f  the predicted rain volune - elemental 
concentration equatfons were not significantly different between 

seasons. 

and throughfdll, the slopes hiere cot significantly different from 

zero. This indicates that the effect of rain volurne on elemental 

concentrations is similar fr'm season to season but rat necessarily 

significant during certain seasons. 

ifowever, for certain season/element combinations in both rain 
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Thus the net results of the analyses o f  variance and covariance of 

the ipcident precipitation and throughfall da ta  are as follows: (1) Cd 

arid Mn exhibited no significant seasonal effects; (2) Pb i n  ra in  showed 

a sfgnificant seasonal e E e c t  only dur ing  1977, Pb i n  throughfall 

showed an effect, o f  season for  the 2 year da t a  set; (3) Zn and SO; 

concentrations i n  rain and throughfall were significantly influenced by 

season; and ( 4 )  H+ in .incident precipitation exhibited a significant 

season effect for the 2-year d a t a  set, while H+ i n  throughfall showed 

a significant season effect only during 1977. 

significant seasonal effects ,  the maximum Concentrations of Pb, 

SO;, and H 

For elements w i t h  

4- i n  r a i n  occuv.rea dur ing  the maximum growth period 

while the peak i n  Zn occurred dur;ng 

maximum concentrations >f ~h and SO; 

growth, Zn d u r i n g  senescerxe, and H 
+ 

senescence. In throughfa l l  the 

occurred d u r i n g  maximum 

d u r f n g  t he  dormant pera’od. 
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